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In the effort to reduce air pollution and fossil fuel dependence in automotive and 
related sectors, internal combustion engine (ICE) designs are optimized for high efficiency 
and low pollutant emissions, and alternative biofuels are used in ICE mixing with  
conventional petroleum based fuels. One factor that can greatly deteriorate engine 
performance is poor fuel atomization, which is characterized by incomplete fuel vaporization 
and spray impingement on cylinder walls. Residual fuel in the cylinder causes high levels of 
unburned hydrocarbons and carbon monoxide emissions while altering engine fuel-oil 
dilution. Thus, fuel atomization that produces fine droplets is preferred, as it enhances the 
air-fuel mixing rate that will then reduce pollutant emissions. A major hurdle in modeling 
fuel atomization is how to properly account for the vaporization of complex fuel mixtures. 
Therefore, the objectives of this research project include: (1) design and develop a multi-
component fuel vaporization model using continuous thermodynamics method; (2) 
investigate the micro-explosion phenomena, which can to occur for multi-component fuel 
droplets under high temperature, high pressure engine environment and can improve fuel 
atomization; (3) develop a comprehensive numerical model to predict the occurrence and 
outcome for micro-explosion; (4) conduct engine simulations for biodiesel and diesel multi-
component fuel and syngas enhanced combustion, and optimize the engine operations with 
blended mixture fuels. 
In this project, a detailed micro-explosion model was developed, and the effect of 
different ambient conditions and fuel droplet properties were investigated. The possible 
approaches to enhance the occurrence of micro-explosion are proposed, and the radius of the 
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secondary droplets after breakup are also given. A continuous thermodynamics model for 
multi-component fuel film is developed to calculate the film vaporization process with multi-
distributions. This model is as efficient as traditional zero-dimensional models, but it 
considers the preferential vaporization of a complex fuel mixture without the infinite 
diffusion assumption. The finite diffusion effect is accounted for by giving the difference of 
the values of interest (such as mole fraction and temperature) between the film surface and 
film average mean. Engine performance with multi-component fuels was investigated by 
using a modified KIVA code to perform the simulations. The biodiesel and diesel blended 
fuel mixture can be used directly in a traditional diesel engine without any modifications, 
and by adjusting mixture content, injection strategy, and exhaust gas recirculation (EGR) 
ratio, the engine combustion can be optimized. For the syngas enhanced combustion, the 
diesel fuel is converted into syngas using exhaust energy, and the produced syngas is 
introduced back into the engine and ignited by the pilot diesel injection. The overall engine 
efficiency is improved by recovering exhaust energy, and the emissions are significantly 
reduced.  
This study mainly focuses on modeling the multi-component fuel vaporization, and 
investigating the multi-component fuel combustion in ICE. The future work includes 
modeling the micro-explosion using the continuous thermodynamics method, and integrating 
the proposed continuous thermodynamics film vaporization model into the engine simulation 
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1.  INTRODUCTION 
1.1 Background and Motivation 
The global demand for petroleum based fuels, the most commonly used fuels in internal 
combustion engines for power generations, has been increasing in the past decade. On the other hand, 
the increase in supply is growing at a slower rate and the resources of these non-renewable fuels are 
limited, resulting in a sharp rise in energy cost. Elevated energy costs affect economies that rely heavily 
on road transportation of goods. Moreover, scientists had predicted that global demand of petroleum was 
likely to exceed the supply in the foreseeable future. Meanwhile, burning fossil fuel also threatens the 
human health and global environment. Fears of global warming aside, the toxic pollutants released from 
petroleum fuels combustion would cause cancer, brain and nerve damage, lung injury and so on. 
Therefore, much effort has been put to search for environment friendly renewable fuels to replace fossil 
fuels. Recently, some potential alternative substitutes of petroleum fuels, such as biodiesel, ethanol, and 
butanol, have received much attention. These bio-fuels are derived from agricultural products, and can 
possibly reduce domestic demand on foreign petroleum. Biofuels are generally mixed with petroleum 
based diesel or gasoline, and most engines can run on the blended fuels with few or no modifications. 
Emission standards are becoming more stringent in recent years. Modifying the fuel to reduce 
emission is one of the currently focuses in engine research. By using the alternative fuels of renewable 
nature, it modifies the combustion process; this may restrict the formation of NOx, particulate matters 
and carbon monoxide. Ethanol, a biomass based renewable fuel, which could be produced from 
vegetable materials, is a good spark-ignition engine fuel because of its high octane number. Ethanol is 
also proved to be able to be added to petrol for use in diesel engines (Ecklund, Bechtold et al. 1984; 
Corkwell, Jackson et al. 2003; Hansen, Zhang et al. 2005). Recently, the use of butanol in diesel engines 
gains more and more interest for its higher heating value, higher cetane number, lower vapor pressure, 
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and higher miscibility than ethanol (Rakopoulos, Rakopoulos et al. 2010). Biodiesel, usually produced 
from soybean in North America, is usually mixed with diesel for use in compression ignition engine 
(Zhang, Jing et al. 2013; Zhang, Jing et al. 2013). Previous studies have shown vast reduction of 
emissions with these alternatives. Nevertheless, the wide-spread usage of bio-fuels can reduce the 
reliance of foreign import for domestic energy needs. 
To achieve higher combustion efficiency and lower emissions in IC engines, the atomization 
process is a crucial step. In spray atomization, fuel injection and the subsequent fuel/air mixing process, 
play an important role. Superior fuel atomization, producing fine droplets, will enhance the air/fuel 
mixing rate and reduce emissions from combustion, whereas poor atomization could result in incomplete 
fuel vaporization and spray impingement on the cylinder walls, which cause high levels of unburned 
hydrocarbons (UHC) and carbon monoxide (CO) emissions as well as fuel/oil dilution, and consequently 
deteriorate engine performance. Injection-associated parameters such as injection pressure, injector 
orifice characteristics, spray cone angle, etc. have been studied intensively and extensively for pursuing 
optimal atomization characteristics (Wang, Huang et al. 2010; Huo, Lin et al. 2012; Jing, Wu et al. 2015; 
Zhang, Jing et al. 2012); different injector/atomizer configurations and designs have also been proposed 
and investigated for the purpose of achieving better air/fuel mixing by increasing either swirl flow or 
plume-to-plume interaction (Nasr, Yule et al. 2011; Huo, Lin et al. 2012; Jing, Robertsa et al. 2013; Jing, 
Robertsa et al. 2015). However, these approaches are typically associated with a higher hardware cost or 
patent protection, and thus cannot be widely adopted by OEMs around the world. It is of great interest to 
find an approach that enhances fuel atomization while having minimal hardware requirements. 
Enhancing the occurrence of micro-explosion will improve the atomization process without modifying 
the injector design, and the use of biofuel blended mixture in diesel engines will prompt micro-explosion 
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because of the different volatilities among different fuels. This is another advantage of using biofuels to 
improve engine performances.  
The occurrence of micro-explosion is due to the vaporization of two or more liquid components 
with different volatilities in a high temperature environment. Because of the finite mass diffusion velocity 
within the droplet, lighter components inside the multi-component droplet cannot emerge to the surface 
sufficiently fast to compensate its fast vaporization rate than the rest of components, and thus the mass 
fraction of light components inside the droplet is larger than that at the droplet surface. As a consequence, 
even though the droplet surface does not pass the boiling state, the temperature in some region within the 
droplet is likely to be higher than the local boiling point. When the temperature is high enough to support 
the nucleation, one or two bubbles are generated inside the droplet. Their subsequent rapid growth results 
in a violent explosion of the droplet (Zeng and Lee 2007). The size of the secondary droplets generated 
by micro-explosion is decreased significantly. From the practical viewpoint, the possible occurrence of 
micro-explosion has potential for making fuel atomization more flexible. That is, fine atomization does 
not need to be the primary concern in the design of the spraying devices and processes. In fact, it may be 
advantageous to have somewhat larger droplet, which possess sufficient inertia to penetrate the 
combustor interior in order to achieve optimal charge distribution. Upon penetration rapid gasification 
can then be effected through micro-explosion. 
Another issue to address for fuel vaporization modeling is that commercial fuels are mixtures of 
hundreds of chemically different hydrocarbons with vastly different boiling points that could range from 
340 K to over 700 K. The immensely different volatilities among the components imply significant 
differences in the evaporation rates. Moreover, the liquid constituents can evaporate only if they reaches 
the surface. As the more volatile species evaporate, less volatile constituents become dominating within 
the liquid phase. As a result, the species mass fractions and temperature are no longer uniform. This 
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process is known as preferential evaporation. In most numerical simulations, the fuel is usually 
represented by a single component, for example, tetradecane is usually used to represent commercially 
available diesel. A major deficiency with this approach is that the influence of fuel composition is not 
accounted for, and, only the average evaporation behavior can be obtained. A possible solution to this is 
to use a set of fuel constituents to reproduce the distillation curve. An accurate representation of the fuel 
is essential for acquiring insightful information out of a simulation. The volatility of the fuel maintains a 
dominant position on spray penetration, and ignition is controlled by the most volatile species in the 
mixture (Hallett and Ricard 1992; Canaan, Dec et al. 1998). However, to represent each component in a 
commercial fuel, which consists of hundreds of components, using a discrete representation is impractical. 
Not only does every component require a separate transport equation, but the exact composition is in 
generally unknown. As an alternative, continuous thermodynamics provides a more effective solution. 
The mixture is characterized by a probability distribution function (PDF) with respect to some 
characterizing variables, for example, molecular weight or boiling points. Only a few parameters are 
required to describe the mixture, namely, the mean and variance of the probability distribution function. 
The continuous thermodynamics method can model the fuel vaporization process almost as quickly as a 
single component model without sacrificing the accuracy.  
Therefore, the motivation for this research is to study the multi-component fuel vaporization 
process, predict and optimize the occurrence of micro-explosion for biofuel/diesel fuel multi-component 
droplets, and using the continuous thermodynamics method to represent the compositions of the 
complicated commercial fuels and simulate the multi-component fuel film vaporization. Finally, the 
blended multi-component fuel combustion in compression ignition diesel engines is modeled, and 
different strategies are tested, such as EGR ratio, injection timing, and syngas induced combustion. The 
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engine performance fueled with biofuel/diesel blended mixture is analyzed and optimized to achieve 
higher fuel efficiency and lower emissions.  
 
1.2 Literature Review 
1.2.1 Engine Operation with Biodiesel and Its Blends 
As a promising alternative fuel, biodiesel is widely used in diesel engines by blending with diesel 
without requiring the modification of the original diesel engine. Due to different thermo-chemical 
properties between biodiesel and diesel, the engine performance will be different when operating on fuels 
mixed with biodiesel. Researches have been done to investigate the fuel consumption, the ignition and 
combustion process and emissions for engines fueled with biodiesel blends (Silitonga, Masjuki et al. 
2013; Yu, Ge et al. 2014; Monyem and H Van Gerpen 2001; Hansen, Gratton et al. 2006; Canakci 2007; 
Tesfa, Gu et al. 2014). As a consequence of recent amendments to emission regulations, most of the 
recent efforts in biodiesel application focused on emission and its control.   
Many studies show that the use of biodiesel results in lower emissions of carbon monoxide, 
unburned hydrocarbons, and particulate matters (Silitonga, Masjuki et al. 2013; Yu, Ge et al. 2014). 
However, the nitrogen oxides (NOx) emission is reported to be slightly elevated from biodiesel 
combustion (Monyem and H Van Gerpen 2001; Hansen, Gratton et al. 2006; Canakci 2007; Tesfa, Gu 
et al. 2014). The increased NOx emission is attributed to several factors. First of all, the lower soot 
emission of biodiesel combustion reduces the heat transfer from soot particles, so the flame temperature 
is higher (Graboski and McCormick 1998), which promotes the NOx formation. Another factor can be 
the early initiation of biodiesel combustion under engine operations. Because of the lower compressibility 
and higher sound velocity of biodiesel, the ignition is earlier, which results in a higher temperature peak 
and NOx formation rate (Monyem and H Van Gerpen 2001; Yamane, Ueta et al. 2001).    
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As biodiesel is reported to increase NOx emission, efforts have been made to investigate the 
possibility of reducing NOx and PM emissions with multiple injections and/or varying spray angle. Choi 
and Reitz (1999) reported biodiesel blends produced less NOx emission using a dual-injection scheme at 
high load with late injection time, while NOx can be reduced slightly at low load. The authors concluded 
the difference between high-load and low-load operations is due to different mode of combustion 
prevailed in each case. Zhang and Boehman (2007) reported a 35% reduction of NOx, using a dual-
injection scheme, is observed for low-load operation. On the other hand, higher NOx is noticed under 
high-load engine operation. This study also indicated a tradeoff between the benefits (reduced emissions) 
and fuel economy. Multiple injections in general increase the fuel consumption rate, which is highly 
undesirable in many situations. Choi et al. (1997) examined the effect of multiple injections in a heavy 
duty engine at high load and low load. A mixed result is registered: for high-load operations, level of 
NOx emission depends on the fuel, higher emission for 20% blend and slightly improvement for the 40% 
blend. For low-load operations, while biodiesel reduced NOx emissions, higher PM emission is higher. 
Leung et al. (2006) showed that the combustion efficiency can be improved by deferring injection and 
promoting rapid diffusion combustion, which could lead to simultaneous reduction of both NOx and PM. 
Fang (2007) indicated that NOx could be lower for biodiesel with certain injection schemes, emission 
behaviors are augmented by changing the fuel injection scheme, and this altered the premixed burnt 
combustion fraction. 
Because of the different chemical structure and fuel properties between biodiesel and diesel, the 
ignition and combustion processes would be different for biodiesel and regular diesel fuels. It is shown 
that biodiesel has higher viscosity and surface tension (Allen, Watts et al. 1999; Yuan 2005), which may 
result in a poorer atomization. For biodiesel, higher viscosity offsets the benefits coming with higher 
cetane number. Most experiment results report that biodiesel may shorten the ignition delay (Szybist, 
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Kirby et al. 2005; Tsolakis, Megaritis et al. 2007) because the extra oxygen atom carried by biodiesel 
promotes ignition and combustion in the combustion chamber. It is also observed that the bulk modulus 
of biodiesel is 11% higher than regular diesel and this advances the actual instant of fuel injection, which 
also explains the earlier fuel ignition observed in these experiments.  
Many experimental studies have also shown that with biodiesel blend ratio increasing, the brake 
specific fuel consumption (BSFC) increases (Jain and Sharma 2013; Özener, Yüksek et al. 2014) because 
the presence of oxygen atoms in the biodiesel chemical structure reduces its calorific value by 7–12%. 
Since the heating value of biodiesel is about 10% lower than petroleum-based diesel, which implies that 
with same power output, higher fuel consumption is expected for biodiesel. Hansen et al. (2006) reported 
that torque output is about 10% lower for biodiesel, this indicates a higher fuel consumption rate if 
constant torque output is desired. The same study also showed that the fuel consumption rate increases 
proportionally to the fraction of biodiesel in blended fuels. Other studies have shown that some biodiesel 
maintains similar thermal efficiency as traditional diesel, yet with higher fuel consumption rate due to 
lower energy content of biodiesel (Canacki and Van Gerpen, 2003). 
Overall speaking, the previous studies prove that biodiesel is a feasible and clean alternative 
energy source to reduce the global dependency on fossil-based diesel fuels and the pollutants emissions. 
As a non-explosive, biodegradable, non-flammable, renewable, nontoxic, and environmentally friendly 
fuel, it also has the benefit to be used in conventional engines without requiring modifications because 
of its similar properties to diesel. However, there are still some drawbacks with biodiesel that need to be 
overcome for a widespread application such as the higher NOx emission and fuel consumption. 





1.2.2 Micro-explosion Study 
Extensive experimental studies have been done to understand the vaporization and combustion 
behaviors of both isolated droplets and spray jets in micro-explosion conditions. Micro-explosion of 
freely falling droplets has been experimentally observed for both miscible fuel mixtures (Lasheras, 
Fernandez-Pello et al. 1980; Lasheras, Fernandez-Pello et al. 1981; Wang and Law 1985), as well as 
water/oil emulsions (Lasheras, Fernandez-Pello et al. 1979). Wang and Law (1985) conducted a series 
of micro-explosion experiments using alcohol-alkane mixtures under elevated pressures. It is reported 
that alcohol/diesel blends can potentially enhance atomization in diesel engine due to micro-explosion. 
The presence of micro-explosion in the atomization of emulsion sprays was demonstrated by a number 
of investigators (Wu, Sheng et al. 2007; Watanabe and Okazaki 2013). Fuchihata et al. (2003) reported 
observation of small droplets whose diameters were less than 50 μm exploding in the spray flame by 
performing combusting spray experiments. Liu et al. (2011) conducted systematic spray experiments in 
an optically accessible constant volume chamber for ethanol-biodiesel and butanol-biodiesel emulsions. 
They captured the micro-explosion phenomenon in the spray from a real diesel injector operating under 
elevated pressure and temperature using high speed imaging. The results demonstrated the effectiveness 
of micro-explosion in atomization improvement. Similar results were also found for water-emulsified 
fuel (Wu, Sheng et al. 2007; Watanabe and Okazaki 2013).  
As far as numerical modeling is concerned, research was conducted to describe the mechanism 
of micro-explosion for water-in-fuel emulsions (Law 1977; Tsao and Wang 1986; Fu, Hou et al. 2002). 
Most studies in micro-explosion focused on the effects of pressure, composition, temperature, initial 
droplet size, internal phase structure of emulsified droplets and gravity on micro-explosion (Law 1977; 
Tsao and Wang 1986; Fu, Hou et al. 2002). Some papers studied the superheating limit, which accounts 
for the onset of micro-explosion (Law 1977; Avedisian and Glassman 1981). Despite the extensive 
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experimental research, there have been very few analytical investigations into the breakup process and 
the consequent outcomes, until recently. Fu et al. (2002) defined a “micro-explosion strength” to quantify 
the micro-explosion process and its outcome. A unified model framework to evaluate the “micro-
explosion strength” for both water-in-oil and oil-in-water emulsions was constructed. However the 
authors did not relate “micro-explosion strength” quantitatively to the micro-explosion outcomes, e.g. 
secondary droplet size/momentum, vapor production, etc. Tarlet et al. (2009) developed a micro-
explosion delay time model based on the homogeneous nucleation assumption. The model was 
demonstrated to be applicable for water-in-oil emulsions under micro-gravity conditions. Watanabe et al. 
(2011) performed a thermodynamic analysis on an individual exploding droplet and the resulting vapor 
and secondary droplets. Mass and energy conservation were used to calculate the amount and properties 
of the vapor and secondary droplets. The analysis, however, neglected the energy associated with phase 
interface and droplet motion and the dispersion of the secondary droplets was not resolved. In terms of 
applications, the motion of the secondary droplets affects the spray structure and the vapor distribution. 
A more comprehensive model evaluating the breakup of an individual droplet is needed.  
 
1.2.3 Multi-Component Liquid Film Evaporation 
Liquid film that forms on engine walls is an important phenomenon to understand in IC engine 
research. Film formation and evaporation processes can affect the quality of the air/fuel mixture, the 
combustion efficiency, pollutants formation, and so on. It is reported that incomplete evaporation of the 
wall films is the main source for soot formation and unburnt hydrocarbon formation (Cheng, Hamrin et 
al. 1993; Shin, Cheng et. al. 1994). Therefore, many research efforts have been made to understand the 
wall film phenomena including the wall film dynamics (ORourke and Amsden 1996; Meyer and 
Heywood 1999; Gerendas and Wittig 2001; Han and Xu 2004), the spray wall impingement (Naber and 
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Reitz 1989; Bai and Gosman 1996; Mundo, Tropea et al. 1997; Lee and Ryou 2000; O'Rourke and 
Amsden 2000; Pickett and Lopez 2005; Montorsi, Magnusson et al. 2007; Spathopoulou, Gavaises et al. 
2009), and vaporization (Stanton and Rutland 1998; Lee, Cheng et al. 2009; Yao, Ling et al. 2012). 
However, researches about the multi-component fuel film vaporization are rather limited. Numerical 
predictions of the fuel chemistry, pollutant formations and flame propagation rate are significantly 
affected by the local fuel composition (Kuo 1986; Turns 1996). Therefore, a precise representation of the 
fuel compositions is essential to predict the vaporization process. 
Commercial fuels (petrol or diesel) are usually mixtures of hundreds of chemically different 
hydrocarbons with vastly different boiling points. Different approaches have been developed to represent 
the fuel composition. In most numerical simulations, a single component is used to represent the fuel, for 
example, tetradecane (C14H30) is usually used to represent diesel fuel, and, isooctane (C8H18) usually used 
for representing petrol. A major deficiency with this approach is that the influence of fuel composition is 
not accounted for, and, only the average evaporation behavior can be obtained. An accurate 
representation of the fuel is essential for acquiring insightful information out of a simulation. Kuo (1986) 
pointed out that the fuel composition would affect the flame behavior and emissions. The volatility of 
fuel maintains a dominant position on spray penetration and ignition is controlled by the most volatile 
species in the mixture. A possible solution to this is to use a set of fuel constituents to reproduce the 
distillation curve (Shrestha, Zheng et al. 2014; Shrestha, Joshi et al. 2014; Zheng, Lee et al. 2014). 
However, to represent each component in a commercial fuel, which consists of hundreds of components, 
using a discrete representation is impractical for tyical spray simulations. Not only every component 




As an alternative, the continuous thermodynamics approach is a more effective solution. The 
mixture is characterized by a probability distribution function with respect to some characterizing 
variable, for examples, molecular weight or boiling points. Only a few parameters are required to describe 
the mixture, namely, the mean and variance of the distribution function. This method was firstly used by 
Tamim and Hallett (1995) for analyzing the evaporation of isolated multi-component fuel droplet. Due 
to the fine grid along droplet radial direction, the model cannot be applied in multi-dimensional engine 
simulations. A simplified approach to Tamim and Hallett (1995) was derived for quasi-steady droplet 
evaporation (Hallett, 2000) and it predicted the distillation curve for commercial fuels well. Further 
evolvement includes the derivation of the diffusion-limited model for liquid phase using continuous 
thermodynamics (Abdel-Qader and Hallett, 2005). This works also extends the application for allowing 
multiple distribution functions. More recently development of the continuous thermodynamics approach 
sees its applications to droplet evaporation under high pressure ambient (Zhu and Reitz, 2001), typical 
for engine operations. A number of studies applied continuous thermodynamics in multi-dimensional 
engine simulations (Lippert and Reitz, 1997; Lippert et al., 2000; Ra et al., 2004; Wang, 2004; Yi et al., 
2001; Zhu et al., 2001). The aforementioned applications of continuous thermodynamics to engine 
applications assume infinite diffusion within the liquid phase. Wang (2004) derived a continuous version 
of the model by Zeng and Lee (2001, 2002) that is capable of preferential vaporization, the model is as 
efficient as a zero-dimensional model yet accounting for the physical processes within the droplet. Both 
high-pressure effects and boiling state evaporation are included in this model. 
 
1.3 Overview of the Engine Simulation Package KIVA   
In this study, the computational package KIVA 3V release 2 (Amsden, Orourke et al. 1989; 
Amsden 1999) with appropriate modifications, is used to predict different processes during an engine 
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cycle. The computational package is capable of conducting three-dimensional modeling of the 
evaporation, mixing, ignition, combustion and pollutants formation processes, each of which is handled 
by a separate sub-model within the main program. KIVA is set up to solve both the unsteady equations 
of turbulent motion and chemically reactive mixture of ideal gases. The gas phase is solved using a 
Lagranian-Eulerian method, requiring a finite volume supplied by the user. This could be done using the 
associated mesh-generating programme, K3PREP. The mesh usually comprises of small hexahedrons 
that are tracked by the vertices. The mesh used by KIVA can be confirmed to the specific shape of the 
combustion chamber under examination. The governing equations that the KIVA solves can be found in 
Amsden et al. (1989). The code maintains a fuel library listing the thermo-physical properties of thirty-
seven fuels, listing the vapor pressure, density, enthalpy, latent heat of evaporation, surface tension and 
viscosity for each of the fuels. The KIVA code comprises two main sections: spray calculation and 
combustion calculations. Spray calculation predicts and describes the spray process: droplet breakup, 
collision and evaporation. The latter portion predicts and describes the combustion process: ignition, 
combustion and emission. Further description of the code can be found in Amsden (1999). 
Several improvements are introduced into the code for better compatibility for simulations with 
multi-component fuel. The crevice flow and dynamic ring pack model (Namazian and Heywood 1982), 
and the circumferential flow model (Zhao and Lee 2006) are inserted into the KIVA code to account for 
mass flow through the crevice region. Emissions are calculated by the extended Z’eldovich mechanism 
(Heywood 1988) for NOx, and a multi-step phenomenological soot model, including fuel pyrolisis, 
acetylene and soot precursor formation and oxidation, soot particle inception, coagulation, surface 
growth, oxygen-assisted surface oxidation and hydroxyl induced surface oxidation was implemented into 
the KIVA for soot. 
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The ignition process is predicted by Shell ignition model (Halstead, Kirsch et al. 1977) with 
further modifications to accommodate biodiesel applications. It simulates the initiation, propagation, 
branching and termination processes during ignition and combustion. The model is originally developed 
for knock prediction in SI engine and was modified for low-temperature auto-ignition process in diesel 
engine (Ricart, Xin et al. 1997). Following the suggestions by Yuan (2005), the Shell model is modified 
to accommodate the different chemical structure of biodiesel. One of the most important differences 
between diesel and biodiesel is the inclusion of oxygen within biodiesel molecules. The chemical 
structure in the model is thus changed to CnH2mOk for biodiesel and the oxygen depletion rate, p, is also 
corrected. The second modification is adjusting the heat release per cycle to account for different 
chemical structures and heating values between the two fuels.  
Butanol and biodiesel properties have also been included in the fuel library in KIVA for 
application with multi-component biofuel blends. Correlations for critical properties, vapor pressure, 
enthalpy of vaporization, liquid density, surface tension and liquid viscosity, can be found in Yuan 
(2005). The fatty acid composition is an important factor in determining properties of biodiesel. Sastri’s 
method (Poling, Prausnitz et al. 2001) is used to evaluate thermal conductivity for biodiesel by combining 
the individual conductivity of constituent methyl-ester. These data are generated by the software BDProp 
(Yuan 2005), and inserted into the fuel library. 
 
1.4 Objectives and Thesis Overview 
Even though much work has been done to develop and improve the multi-component fuel 
vaporization model, these models are limited by either high computational cost or low accuracy. 
Consequently, in most numerical studies for engine simulations, a single component fuel assumption is 
still made. This dissertation proposes a continuous thermodynamics method to represent the complicated 
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fuel composition for blended fuels (such as diesel/gasoline, kerosene/gasoline) using multi-distributions, 
and then this approach is used to solve the multi-component fuel film vaporization process. By 
simplifying the liquid phase transport equations with proper derivation, this model is as efficient as a zero 
dimensional model, which makes it possible to be applied to engine simulations. 
The second objective of this dissertation is to develop a comprehensive model for micro-
explosion including bubble generation, bubble growth, and droplet breakup. This study is motivated by 
its close relation to multi-component fuel vaporization and its potential to improve air-fuel mixing in 
engines operated with biofuel/diesel blended mixture. The presented micro-explosion model can be used 
to study the occurrence of micro-explosion for multi-component droplet and the effects of different 
parameters, and also estimate the SMR of the secondary droplets after breakup. 
For the rest of this thesis, Chapter 2 presents a study of biodiesel/diesel mixture fuel combustion 
in a direct injection diesel engine. The spray dynamics, ignition, combustion, emissions and engine 
performance with biodiesel and its blends are studied. The effects of EGR ratio and injection timing on 
engine performance are investigated, and optimized engine operation is proposed for the combustion of 
biodiesel and its blends. Chapter 3 presents an application of syngas induced combustion. By converting 
diesel into syngas by recovering exhaust energy, and introducing syngas back into the diesel engine, it 
can improve combustion emissions and efficiencies. Chapter 4 develops a micro-explosion model for 
multi-component droplet. The model includes the bubble dynamics, the droplet breakup, and the 
estimation of secondary droplets. Chapter 5 develops a multi-component preferential vaporization 
model for fuel film using a continuous thermodynamics formulation. The finite diffusion 
effect in the liquid phase is represented by the difference between film surface and volume-
averaged values (Zeng, 2000; Wang, 2004; Cheng, 2010). Chapter 6 summarizes the main 
results and recommends directions for future work. 
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2.  NUMERICAL ANALYSIS FOR MULTI-COMPONENT FUEL COMBUSTION IN 
DIESEL ENGINE 
Simultaneous reduction of NOx and soot in diesel engine is possible with low temperature 
combustion, which is characterized by rapid heat release. The premixed air-fuel mixture eliminates 
the local rich region, which effectively reduces soot formation. The overall lower combustion 
temperature prohibits NOx formation. Multiple injections can also be used to reduce engine 
emissions. It has been shown that emission level depends on the time interval between injections 
(Tow, Pierpont et al. 1994). This study analyzes the effects of multiple injections and low 
temperature combustion of soybean biodiesel and its blends in a compression ignition engine. The 
test engine is a Ford LION 2.7L V6 compression-ignition diesel engine. This production engine is 
equipped with common rail injection system, piezoelectric injectors, variable geometry turbocharger, and 
a high pressure cooled EGR system. The detailed engine specifications are shown in Table 2.1. Using 
the modified KIVA-3V Release 2 to simulate the engine performance, a 60° axisymmetric mesh was 
used in the study for effective computation while maintaining three-dimensional fluid dynamics. The 
mesh contained 12003 cells and 23023 vertices as shown in Figure 2.1. 
Four different fuel blends are considered in this study: pure European low-sulfur diesel, 20% 
soybean biodiesel 80% diesel (by volume) blend, 50% soybean biodiesel 50% diesel blend and pure 
soybean biodiesel. Throughout the study, the chemical structure for soybean biodiesel is taken as 
C19H35O2 (Yuan 2005). Tetradecane, C14H30, is used to represent European low-sulfur diesel in 
simulation. The engine speed is either 1000 rpm, 1500 rpm or 2000 rpm. Different engine loading 
conditions are also conducted, including 300 kPa IMEP, and 500 kPa IMEP engine outputs. Several 
injection schemes are considered for operation for each of the fuel blends to obtain the optimal injection 
timing. By performing a thorough study both experimentally and numerically, optimized operation points 
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for biodiesel and its blends’ combustion are provided under different engine speeds and engine loads 
using an objective function.  
 
2.1 Combustion of Pure Diesel and Pure Biodiesel 
The combustion of pure diesel and pure biodiesel is studied to acquire knowledge of the pure 
fuel combustion characteristics, and the information can provide the basis to investigate the diesel-
biodiesel blended fuel combustion. For the default settings of the tested engine, initial injection of fuel 
occurs at 344° crank angle for 1000 rpm operations and 340° crank angle for 1500 rpm operations. 
Main injection is at 362° crank angle for both cases. Table 2.2 lists the test conditions for the cases 
studied.   
Figure 2.2 and Figure 2.3 show the pressure and heat release rate variation for a direct injection 
engine, for both diesel and biodiesel at 1000 rpm and 1500 rpm operations. The modified KIVA 
predicts the major combustion characteristics, including ignition delay, peak combustion pressure and 
peak heat release rate well for both diesel and biodiesel. The peak combustion pressures are 4560 kPa 
and 4839 kPa for diesel and biodiesel, respectively, at 300 kPa IMEP and 1000 rpm operations. At 300 
kPa IMEP and 1500 rpm operations, the corresponding figures are 4630 kPa and 4790 kPa. For 500 
kPa IMEP engine output, the peak combustion pressures are 5250 kPa and 5650 kPa for diesel and 
biodiesel, respectively, at 1000 rpm; and, 5140 kPa and 5380 kPa at 1500 rpm. The ignition delay is 
shortened for biodiesel over the initial injection, most likely because of its higher Cetane number. 
However, the ignition delay of biodiesel is significantly shorter than diesel for main injection, 
especially at 1000 rpm engine speed. The ignition delay for biodiesel at 1500 rpm engine speed is still 
shorter than that for diesel, but the difference between the two fuels is not as obvious as in the 1000 
rpm case. The higher bulk modulus of biodiesel may lead to earlier actual fuel injection, and, the higher 
 17 
 
Cetane number of biodiesel, would lead to earlier ignition. The peak combustion pressure (for main 
injection) for biodiesel is higher since combustion occurs earlier during the engine cycle, implying that 
combustion occurred at higher cylinder pressure. Due to the higher cylinder temperature following 
initial combustion, the rate of evaporation for fuel injection during main injection is enhanced over that 
for the initial injection. In most cases studied, soybean biodiesel shows longer combustion duration 
and higher peak heat release rate. The duration of combustion for biodiesel, proportional to the width 
of the heat release rate curve, is longer for biodiesel. The higher peak HRR of biodiesel is due to its 
higher BSFC, Cetane number, boiling point, oxygen content, and advance in the start of injection 
timing. The long tail of the heat release curves for biodiesel at both 1000 rpm and 1500 rpm operations 
indicate the existence of some diffusion combustion. 
Figure 2.4 compares the predicted NOx emission against experimentally measured values. The 
modified KIVA predicts the trend for emissions correctly. The emission from biodiesel increases when 
increasing engine speed, for both low load (300 kPa IMEP) and high load (500 kPa IMEP) operation 
conditions. It might be caused by the less available fuel air mixing time under higher engine speed. It 
results in a bad mixing and therefore higher emission. However, the trend is inconclusive for diesel 
fuel.  
Figure 2.5 shows the in-cylinder temperature and fuel vapor distributions at different instances 
after main combustion for test conditions III and IV as listed in Table 2.2. For soybean biodiesel, most 
of the fuel vapor diffuses along the piston bowl wall and the squish region. On the other hand, for pure 
diesel, a vast majority of fuel vapor is found in the squish region. As a consequence, combustion mostly 
occurs within the piston bowl for biodiesel, and in the region above the piston bowl for diesel fuel. 




2.2 Combustion of 50% Soybean Biodiesel and 50% Diesel Blends 
The effect of injection timing is tested for the 50% soybean biodiesel 50% diesel blend. Four 
different injection time settings were considered under different engine speeds and engine loads: at 
top-dead-centre (360°), at 2° advanced (358°), at 2° retarded (362°), and at 4° retarded (364°). The 
detailed test conditions are tabulated in Table 2.3.  
Figure 2.6 through Figure 2.8 show the predicted and measure pressure and heat release rate 
for test conditions V through VII in Table 2.3. The modified KIVA code predicted the transient 
response, for both pressure and heat release rate, accurately for all test conditions. The main 
combustion characteristics, including peak combustion pressure, peak heat release rate, and ignition 
timing, all agree well with experimental measured values. The long tail in the heat release rate curves 
indicates the existence of conventional combustion mode. As seen in Figure 2.6, the peak combustion 
pressure is decreasing when retarding the injection timing. As injection is retarded, combustion occurs 
when the engine cycle is well into the expansion stroke, which explains the lower peak combustion 
pressure. Note that as the injection is retarded, a more distinctive peak is observed in the heat release 
rate curve despite the long tail. This is particularly obvious for the late injection (at 364° crank angle) 
case, which may indicate the co-existence of both low-temperature (premixed) combustion and 
conventional combustion modes. For test condition VI (500 kPa IMEP and 2000 rpm) and VII (300 
kPa IMEP and 2000 rpm), similar observations are made. When increasing engine speed to 2000 rpm 
and keeping the same power output, the corresponding peak pressures at all four injection timings are 
approximately 6% higher than the 1500 rpm case. When increasing engine speed, the time available 
for heat transfer is shorter, so the heat loss is reduced. A higher engine speed can also result in a more 
turbulent flow environment so that the fuel air mixing is enhanced.  
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Figure 2.9 and Figure 2.10 show the predicted and measured normalized NOx emission and 
soot emission for test conditions V through VII in Table 2.3, respectively. The modified KIVA code 
predicts the trend of both emissions well, when compared with experimental measurements. In general, 
as injection defers, NOx emission also lowers. This is consistent with the observations in Figures 2.6 
to 2.8, which show that the low-temperature (pre-mixed) combustion mode becomes more obvious as 
injection is delayed. Since the formation of NOx is sensitive at high temperature (Heywood 1988), the 
lower combustion temperature prohibits the formation of NOx, which most likely contributes to the 
lower emission level shown in Figure 2.9. The soot emission level is not sensitive to the injection time 
for high load (500 kPa IMEP) operations.  However, late injection at 364° crank angle seems to inhibit 
soot emission for low load (300 kPa IMEP). It may be due to the longer ignition delay and better fuel 
air mixing.  
 
 2.3 Combustion of 20% Soybean Biodiesel and 80% Diesel Blends 
Same as the 50% soybean biodiesel cases, the effect of injection timing is tested for the 20% 
soybean biodiesel 80% diesel blend. Four different injection time settings are considered: at top-dead-
centre (360°), and at 358°, 362° and 364°. The test conditions are tabulated in Table 2.4.  
Figure 2.11 through Figure 2.13 show the predicted and measure pressure and heat release rate 
at different operating conditions. Same as the simulations for the 50% soybean biodiesel blend, the 
modified KIVA code predicts the transient response, for both pressure and heat release rate, accurately 
for all test conditions and the trends are also very similar to the 50% soybean biodiesel combustion. 
The main combustion characteristics, including peak combustion pressure, peak heat release rate, and 
ignition time, all agree well with experimental measured values. The long tail in the heat release rate 
curves indicates the existence of diffusion combustion mode. As injection is retarded, combustion 
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occurs when the engine cycle is well into the expansion stroke, which explains the lower peak 
combustion pressure. Ignition occurs at approximately 8° crank angles after injection for all the cases. 
Note that as the injection is retarded, a more distinctive peak is observed in the heat release rate curve 
despite the long tail. This is particularly obvious for the late injection (at 364° crank angle) case, which 
may indicate the co-existence of both low-temperature (premixed) combustion and conventional 
combustion modes.  
The predicted and measured NOx emission and soot emission for test conditions VIII through 
X in Table 2.4 are shown in Figure 2.14 and 2.15. The modified KIVA code predicts the trend of NOx 
emission and soot emission well, when compared with experimental measurements. In general, as 
injection defers, NOx emission also lowers, just as in the case for the 50% biodiesel blend. Comparing 
the NOx emission of 50% biodiesel blend, shown in Figure 2.9, with 20% biodiesel blend, shown in 
Figure 2.14, at low speed and low load (300 kPa IMEP), the emission of NOx is at its minimal possible 
level as the maximum amount of EGR is applied without causing erratic combustion. Therefore, the 
effect of injection time and fuel content on emission level are not obvious. For 500 kPa IMEP cases, 
higher biodiesel content causes higher NOx emission, as the amount of exhaust gas recirculation 
applied to these cases is lower than the aforementioned 300 kPa IMEP cases running at low speed.  
Similar conclusion can be drawn for the 300 kPa IMEP load cases running at 2000 rpm. The predicted 
and measured soot emission for test conditions VIII through X in Table 2.5 is shown in Figure 2.15.  
By comparing with the measured data, the modified KIVA predicts soot emission well. The soot 
emission level is not sensitive to the injection time, although it shows a tendency of lower emission 





2.4 Low-Temperature Combustion of Pure Soybean Biodiesel 
Simulations are also conducted and compared to experimental measurements to better 
understand the low temperature combustion (LTC) of pure biodiesel. The effects of engine load, EGR 
ratio, and injection strategy are investigated. Table 2.5 lists the tested operation cases. 
The history of cylinder pressures and heat release rates with different exhaust gas recirculation 
applied during operations are shown in Figures 2.16 to 2.18 for 200 kPa and 300 kPa IMEP engine 
output, respectively. The results indicate longer ignition delay with higher exhaust gas recirculation. 
This implies that the fuel-vapor and air could have better mixing because of the deferred ignition of 
the fuel-air mixture. The heat release rate curves also indicate stronger tendency of premixed 
combustion for cases with higher exhaust gas recirculation.  
For the 500 kPa IMEP and 700 kPa operations, diffusion combustion becomes more apparent 
at all engine speeds, as seen in Figures 2.19 to 2.21. Premixed combustion becomes the dominating 
mode of combustion with deferred fuel injection, which allows more time for air-fuel mixing. Note 
that, from Figure 2.19, varying the amount of exhaust gas recirculation does not affect the heat release 
rate and therefore the change of in-cylinder pressure. 
The predicted and measured NOx and soot emissions are shown in Figures 2.22 to 2.26. The 
modified KIVA code predicts the trends for both pollutants very well, when compared with 
experimentally measured values. In general, when injection is delayed and/or higher amount of exhaust 
gas recirculation is applied, NOx emission would be reduced. Both strategies allow combustion to 
occur at a lower temperature, which had been shown in the literature as an effective approach of 
prohibiting the formation of NOx. On the other hand, NOx emission is also reduced by injecting less 
amount of fuel during initial injection. By injecting less fuel during initial injection, the main 
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combustion occurs at a lower ambient temperature. This is also an effective approach of prohibiting 
the formation NOx due to the fact its formation is very sensitive at high temperature.   
The traditional NOx and soot emission trade-off is observed in Figures 2.23, 2.25 and 2.26. 
NOx emission can be effectively reduced by increasing exhaust gas recirculation. On the other hand, 
soot emission is calculated as the net amount of the soot formed and oxidized during an engine cycle 
in the modified KIVA code, which utilizes the Hiroyasu model for soot formation and the Nagle-
Strickland-Constable model for soot oxidation. Note that the amount (concentration) of oxygen is 
essential in the oxidation of soot, as indicated in the Nagle-Strickland-Constable soot oxidation model. 
With increased amount of exhaust gas recirculation, there is less oxygen available after combustion for 
soot oxidation. Therefore, it is logical to expect soot emission be higher when the amount of exhaust 
gas recirculation was increased. One other important fact to take note is that, the application of very 
high level of exhaust gas recirculation might be undesirable due to higher fuel consumption needed for 
the high load cases. For 200 kPa IMEP engine output with 50% exhaust gas recirculation, both 
predicted and measured soot emissions are reduced comparing to other cases in the Figure 2.22. 
Premixed (low-temperature) combustion mode significantly dominates in the main combustion 
process, which contributes to the observation that NOx and soot are both reduced, with almost no NOx 
emission. 
 
2.5 Optimization of Engine Operations 
An objective function is defined in order to determine the optimal operation point of the engine 
at different engine loads, engine speeds, and fuel blends. Since the goal of the present optimization 
process is to reduce emissions without sacrificing fuel economy, the objective function contains engine-
out emissions such as NOx, soot, and so on, as well as fuel consumption. The optimized engine operation 
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parameters include injection timing and EGR ratio. For the cases of varying injection timing, the 
























 .                                                                            (2.5) 
The parameter factor 𝑋1 indicates the injection timing, and the subscript D is the default injection case 



















 .                                                                        (2.9) 
The parameter factor 𝑋2 is the EGR ratio, and the subscript N refers to the no EGR case. The CO 
emission is not included in the objective function calculation because it is not one of most concerned 
emission parameters when the engine is running with EGR.  
Table 2.3 to Table 2.5 show the concluded optimized operation points, and Figure 2.27 to 
Figure 2.30 show the objective function plot with varying injection timing and EGR ratio under 
different engine conditions. For the pure soybean biodiesel under LTC condition, different EGR ratios 
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and injection strategies are used in order to minimize the emissions and optimize the combustion 
process. From the objective function calculation, it is seen that there exits an optimal EGR ratio for the 
different engine loads with engine default injection. The use of EGR system influences the combustion 
due to the presence of burned fuel mixed with the air from the inlet system. With increasing EGR ratio, 
it results in a lower air density and reduction of the air mass trapped inside the cylinder. EGR is an 
additional diluent to the unburned gas diminishing the peak temperature inside the cylinder and the 
temperature of the flame. The decreased peak cylinder temperature with higher EGR ratio is also due 
to the fact that the H2O and CO2 suffer dissociation by an endothermic process, absorbing part of the 
heat released from combustion. As a consequence of the lower peak temperature, the formation of NOx 
decreases. Another implication of the EGR ratio is in the BSFC and mean exhaust temperature. Both 
suffer a decrease with higher EGR rates. There are several reasons for the decrease in the BSFC: the 
less heat losses to the wall because the burned gas temperature decreases significantly, and the pumping 
work is reduced as EGR increases, and a reduction in the degree of dissociation in the high-temperature 
burned gases which allows more chemical energy from the fuel to be converted into sensible energy 
near TDC. Although the EGR system lowers the NOx formation and BSFC, it also has a downside 
effect of reducing the combustion rate which implies in combustion with a higher degree of instability. 
The reduction in the burn rate results in higher emissions of hydrocarbon and soot. Because of all the 
consequences of inducing EGR, the optimized EGR ratio for combustion is around 20% for 300 kPa 
and 500 kPa IMEP. However, for the low load 200 kPa IMEP case, the optimized operation point 
occurs to the highest EGR rate (50%). It is probably because that the cylinder temperature is very low 
under this condition and the soot and NOx emissions suffer a decrease simultaneously.   
Different injection strategies are also used for the pure soybean biodiesel low temperature 
combustion case, and the EGR ratio is set to the engine default value. For the relatively low load case 
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(300 kPa IMEP), both advanced injection timing and lower pre-injection fuel mass can improve the 
engine performance. With the advanced injection timing, the ignition delay is longer and the 
combustion is dominated by the premixed combustion, which results in a lower soot emission. By 
lowering the pre-injection fuel mass, the combustion temperature is decreased, and consequently, the 
soot and NOx emissions are decreased simultaneously. Finally, lowering the pre-injection fuel mass 
results in the best engine performance and is recommended for the partial load 300 kPa IMEP low 
temperature combustion condition. For the high load case (500 kPa and 700 kPa IMEP), the engine 
operation can be optimized by retarding the injection timing.  
For the diesel and soybean biodiesel blend fuels, different injection timings are tested to 
optimize the engine performance under different engine speeds and engine loads. For both B20 and 
B50, the optimized injection timing is around TDC to 2 CAD ATDC. Injection timing is a very 
important parameter that significantly influences all engine characteristics. This is mainly due to the 
fact that injection timing influences the mixing quality of air-fuel mixing and, consequently, the 
combustion process, including harmful emissions. It is generally known that retarded injection 
decreases maximal pressure in the cylinder and leads to a lower peak rate of heat transfer and 
consequently to lower combustion noise. Because the delayed injection leads to lower temperature, the 
NOx emissions are also reduced. On the other hand, retarded injection leads to an increase in fuel 
consumption. Because of the tradeoff between NOx emission and fuel consumption, the optimal 














Table 2.2 Test conditions for pure diesel and pure soybean biodiesel 
Test Condition I II III IV 
IMEP [kPa] 300 500 300 500 
Engine Speed [rpm] 1000 1500 
Injection Time [°CA]a 344°, 362° 340°, 362° 
Fuel  Diesel, Soybean Biodiesel 



















































































































































Table 2.5 Test conditions for pure soybean biodiesel under LTC condition 







200 kPa XI 
1 Default  
30 Default  
40 Default  





2 Default  
25 Default  
40 Default  





50 Default  
50 Retarded  










1 Default  
10 Default  
30 Default  





35 Default  
35 Retarded  
700 kPa XVI 
1 Default  
30 Retarded  





Figure 2.1 Computational mesh of LION engine 
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Figure 2.2 Comparison of predicted pressure and heat release rate at (a) 1000 rpm and (b) 1500 rpm 









Figure 2.3 Comparison of predicted pressure and heat release rate at (a) 1000 rpm and (b) 1500 rpm 
for 500 kPa IMEP operations of the LION engine 
 
 







Figure 2.5 The in-cylinder temperature and fuel vapor distributions for diesel and soybean biodiesel 





Fuel Temperature Fuel Temperature
CA = 380 
CA = 376 
CA = 372 
BiodieselDiesel
Fuel Temperature Fuel Temperature
CA = 380 
CA = 376 



























Figure 2.8 Comparison of predicted (a) pressure and (b) heat release rate for test condition VII (B50 












Figure 2.9 Comparison of NOx emissions for 50% biodiesel blend for (a) test condition V, (b) test 









Figure 2.10 Comparison of Soot emissions for 50% biodiesel blend for (a) test condition V, (b) test 
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Figure 2.11 Comparison of predicted (a) pressure and (b) heat release rate for test condition VIII 
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Figure 2.13 Comparison of predicted (a) pressure and (b) heat release rate for test condition X (B20 














Figure 2.14 Comparison of NOx emissions for 20% biodiesel blend for (a) test condition VIII, (b) test 









Figure 2.15 Comparison of soot emissions for 20% biodiesel blend for (a) test condition VIII, (b) test 
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Figure 2.16 Comparison of predicted (a) pressure and (b) heat release rate for test condition XI (LTC 
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Figure 2.17 Comparison of predicted (a) pressure and (b) heat release rate for test condition XII 
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Figure 2.18 Comparison of predicted (a) pressure and (b) heat release rate for test condition XIII 







       (a) 
 
      (b) 
Figure 2.19 Comparison of predicted (a) pressure and (b) heat release rate for test condition XIV 
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      (b) 
Figure 2.20 Comparison of predicted (a) pressure and (b) heat release rate for test condition XV 
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      (b) 
Figure 2.21 Comparison of predicted (a) pressure and (b) heat release rate for test condition XIV 











Figure 2.22 Comparison of predicted (a) NOx emission and (b) soot emission for test condition XI. 










Figure 2.23 Comparison of predicted (a) NOx emission and (b) soot emission for test condition XII 










Figure 2.24 Comparison of predicted (a) NOx emission and (b) soot emission for test condition XIII 












Figure 2.25 Comparison of predicted (a) NOx emission and (b) soot emission for test condition XIV 












Figure 2.26 Comparison of predicted (a) NOx emission and (b) soot emission for test condition XVI 

























3.  AN APPLICATION OF SYNGAS ENHANCED DUAL FUEL COMBUSTION 
3.1 Introduction 
As global energy crisis and environmental issues get worse and worse, researchers have 
paid more attention to increase the internal combustion engine efficiency and reduce the emissions. 
Synthesis gas (syngas), as one of the various renewable energy sources, offers a promising solution 
to the stringent future emission limits for vehicles (Azimov, Tomita et al. 2011). Syngas is mainly 
composed of hydrogen and carbon monoxide. Because of the high antiknock behavior of H2 and 
CO mixtures, syngas can be used in internal combustion engines as fuels (Shudo and Takahashi 
2004; Shudo 2006). However, the hydrogen content in syngas tends to increase the combustion 
temperature and NOX emissions under stoichiometric condition (Li and Karim 2005). Therefore, 
syngas is more appropriate for lean-burn application (Azimov, Okuno et al. 2011). Lean 
combustion has great potential to reach higher thermal efficiency and lower NOX and soot 
emissions (Bade and Karim 1999; Stebar and Parks 1974; Li, Guo et al. 1998), and a great benefit 
of H2 addition to the gaseous fuels is that the lean limit of gas operation will be extended without 
entering the lean misfire region (Azimov, Okuno et al. 2011).  
A number of studies have been conducted to investigate the use of syngas in internal 
combustion engines (Pushp and Mande 2008; Yamasaki, Tomatsu et al. 2007; Ando, Yoshikawa 
et al. 2005), but most of them focused on spark ignition (SI) engines. However, under high load 
condition, syngas fuels are not suitable for SI engine operations: the fluctuation of syngas 
compositions may result in unstable combustion; and the energy density is relatively low compared 
to gasoline (Azimov, Tomita et al. 2011). The more efficient way to utilize syngas as a fuel for 
power generation is to use syngas in compression ignition dual-fuel engines that operate under 
lean-burn condition, using a pilot injection of diesel fuel (Karim 2003). Since the auto ignition 
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temperature for syngas is very high, it is necessary to use pilot diesel fuel to initiate syngas 
combustion. Some experiments have been performed to study the performances and emissions of 
syngas powered dual-fuel engines. Tomita et al. (2007) conducted experiments in a micro-pilot 
ignition dual-fuel engine fueled with supercharged syngas, and investigated the combustion 
characteristics and performance of the syngas fuel. They reported that a premixed flame of syngas-
air mixture develops from multiple flame kernels produced by the ignition of diesel fuel. Also, by 
increasing the hydrogen content of the syngas, the lean limit of the mixture is enhanced, and the 
engine can even operate at an equivalence ratio as low as 0.45 with stable combustion and high 
efficiency. Roy et al. (2009) studied the effect of injection timing on the occurrence of knocking, 
and also the effect of hydrogen content and EGR on the performance and exhaust emissions of a 
dual-fuel engine. They concluded that knocking combustion occurred when the injection timing 
was advanced more than 13.5 BTDC, and a higher hydrogen content would increase the engine 
power and the enhance the leaner operation. Azimov et al. (2011) undertook a detailed 
investigation of two-stage heat release combustion with syngas and nature gas, and concluded that 
the second stage of heat release is due to the autoignition of the gaseous fuel mixture in the end-
gas region. 
Compared to the extensive experimental studies of syngas fueled dual-fuel engines, the 
modeling and simulation studies performed on syngas combustion in IC engines are rather limited 
(Papagiannakis, Rakopoulos et al. 2007; Gamino and Aguillon 2010). Papagiannakis et al. (2007) 
developed a numerical model to simulate the performance and exhaust emissions of an SI engine 
operating on syngas. In this study, a two-zone combustion was adopted, whereas the syngas 
burning rate depends on its entrainment rate into the burning zone, and it is controlled by the 
velocity of the flame front that forms around the area of the burning zone and then spreads inside 
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the combustion chamber. For chemical reactions, all the species were assumed to be in chemical 
equilibrium and equilibrium equations were solved to get the species concentrations. Gamino and 
Aguillon (2010) performed syngas combustion model in an IC engine by solving the conservation 
equations of mass and energy and reaction rates for different species. Three step homogeneous 
reactions were used for the syngas combustion.  
One of the limitations of the previous numerical studies is that they performed syngas 
enhanced dual fuel engine simulations ignited by spark plugs. In this study, the diesel pilot 
injection is used to ignite the fuel, which can give higher energy density and thermal efficiency. 
The premixed syngas air mixture is introduced through the intake port, and the mixture gas is 
ignited by the pilot diesel injection. The rest of the diesel fuel is injected during the main injection. 
The effects of EGR rate and pilot injection timing are tested to optimize the dual fuel engine 
operations. The simulation was performed on the same compression ignited diesel engine as shown 
in Chapter 2.  
 
3.2 Syngas Model 
Auto-thermal reforming (ATR) has received much attention lately as one of the most 
promising methods for generating syngas from heavy hydrocarbon fuels. ATR, a thermo-neutral 
process, which uses air and water vapor as reactants, has several benefits in onboard reforming for 
mobile fuel cell applications. This is due to its high thermal efficiency (∼60-75%) and dynamics 
during transient operation as well as the low system complexity it offers. A general reaction 
formula for ATR, can be expressed as follows: 
2 2
2 2( 2 ) ( 2 )
2
n mC H xO yH O
m
nCO y x n H O n x H
  
     
                                                      (3.1) 
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In this research, it is assumed that syngas is produced from an endothermic steam reforming 
reaction as shown in Equation 3.2, and the heat energy required to drive this reaction is from the 
exhaust gas energy. By producing syngas from diesel fuel and inducing them back into the diesel 
engine for combustion, it is expected that the emissions will be improved and the thermal 
efficiency will be increased because of the recovered exhaust energy. 
214 30 214 14 29C H H O CO H                                                          (3.2) 
From the above equation, the carbon monoxide and hydrogen mass fraction in the syngas 
can be calculated as YCO=0.899, YH2=0.101, and the mass ratio of syngas/diesel is 2.182. To do 
the engine simulation for the syngas diesel mixed mode combustion, it is assumed that diesel fuel 
is injected into the cylinder, and syngas is introduced through the intake valve together with air. 
Therefore, the species mass fractions of the intake syngas-air mixture are required. Stoichiometric 
air-fuel ratio of diesel is 14.99, and stoichiometric air-fuel ratio of syngas is 13.19. Equation 3.3 
and Equation 3.4 show how the hydrogen and carbon monoxide mass fractions in the intake 
mixture gas are calculated: 













 .                              (3.4) 
In these two equations, m is mass, Φ is equivalence ratio, subscript d represents diesel, and 
subscript s represents syngas. With known mass amount of diesel and syngas, and also the 
equivalence ratio, the mass fractions of each species in the intake gas mixture can be calculated. 
In this study, it is assumed that 50% of the diesel (in mass) is converted into syngas through 
the reforming process, and the other 50% is injected into the combustion chamber as the traditional 
diesel engine process. Engine simulation is performed using modified KIVA as introduced in the 
previous chapter. The calculation capability and accuracy of the modified KIVA on predicting in 
 61 
 
cylinder engine combustion and emissions are validated in Chapter 2 by comparing with 
experimental measurements, so no more experimental validation is performed in this study, and 
only simulation results are presented. This novel syngas-diesel mixed mode combustion can 
increase the overall thermal efficiency by recovering the exhaust energy. Besides, because syngas 
is much cleaner than diesel, the combustion emissions can also be reduced significantly. 
 
3.3 Comparison between Syngas Induced Combustion and Diesel Only Combustion 
In order to see the effect of syngas on improving traditional diesel engine performance, the 
simulation results from syngas induced combustion are compared with diesel only combustion. The 
operation conditions are shown in Table 1. Three cases are tested here: Case I is the syngas and diesel 
mixture combustion, Case II is diesel only combustion at the same operation condition as Case I, and 
Case III is the default engine operation condition with diesel fuel only.  
The pressure and heat release rate results are shown in Figure 3.1 and Figure 3.2, respectively, 
and Table 3.2 shows the emission and SFC data. From the results, it can be seen that syngas combustion 
has a higher peak pressure and higher heat release rate, which indicates a more premixed combustion. 
Under the same operation condition, syngas combustion shows a higher efficiency. From the emission 
points of view, syngas combustion improves all the emissions significantly. This is mainly due to the 
premixed combustion and lower carbon number fuel in syngas.  
Figure 3.3 to Figure 3.6 show the 2D contour plot of fuel vapor, temperature, NOx, and soot 
emissions at different crank angles for Case I, syngas and diesel mixture combustion, and Figure 3.7 
to Figure 3.10 show the same results for Case III, default diesel only combustion. From the contour 
plot, it can be seen more clearly that syngas has a faster combustion rate, and the combustion is more 
prefixed. Therefore, the temperature distribution is more uniform. Even though Case I has a higher 
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peak pressure, the local high temperature region for Case I is much less than Case III. This explains 
the lower NOx emission. As for the soot emission, syngas is composed of CO and H2, which are cleaner 
fuels producing much less soot than diesel fuel. This comparison indicates the advantages of syngas: 
higher efficiency, and lower emissions. Next, the effect of EGR rate and injection timing on syngas 
combustion are studied so that the syngas combustion operation can be optimized. 
 
3.4 Effects of Injection Timings 
Similar to Section 2.5, same objective function is defined to evaluate the emissions and thermal 
efficiencies as shown in Equation 3.5. In this study, the interested emissions are soot and NOx, therefore, 

















 .                                                                    (3.8) 
The parameter factor X indicates the injection timing or EGR rates, and the subscript D is 
the default diesel only injection case, which is the default engine ECU setting. From the definition, 
it is seen that a higher f indicates a better performance (lower emissions and higher efficiency). To 
optimize the engine performance, the objective function needs to be maximized. 
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Figure 3.11 shows the pressure and heat release rates for different pilot injection timings. 
The EGR rate is 20%, and the main injection timing is 370 CAD for all cases. From this figure, it 
is seen that the injection timing does not have significant effect on the peak pressure. The peak 
pressures are very close for all the cases. From the heat release curves, it is seen that the heat 
release peak increases with retarded injection, and then starts to decrease after 348 CAD pilot 
injection timing. Different from the traditional diesel injection, the first heat release peak is much 
higher than the second one (from main injection). It is because the syngas-air premixed mixture is 
ignited by the pilot diesel injection and homogenous combustion of syngas occurs at the primary 
injection. For the main diesel injection, the injected diesel fuel amount is much less than the 
traditional case because half of the diesel fuel is converted into syngas through thermal reforming 
process. 
Figure 3.12 to Figure 3.14 show the engine emissions (NOx and soot), the specific fuel 
consumptions, and the objective functions for different injection timings, respectively. Note that 
the emissions are non-dimensional values normalized by the diesel only default injection case. It 
is seen that the syngas enhanced combustion reduces emissions significantly. The soot emission is 
reduced by more than 80%, and NOx emission is less than 10% of the default diesel only 
combustion emission. Syngas is composed of CO and H2, which are much cleaner fuels than diesel. 
Therefore, the soot emission is reduced significantly. The syngas combustion ignited by the pilot 
diesel injection is premixed homogeneous combustion, so that the temperature distribution is very 
uniform, and there are less local high temperature regions than diesel combustion. Since the NOx 
formation is highly dependent on temperature, with less high temperature regions, the syngas 
combustion produces less NOx. It can also be seen that by retarding the injection timing, the soot 
emission will increase. It is because that retarding injection timing will lead to shorter ignition 
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delay, and less time for the diesel fuel to mix with air. From the objective function calculation, the 
optimized pilot injection timing is obtained at 350 CAD.  
 
3.5 Effects of EGR Ratios 
Figure 3.15 to Figure 3.17 show the NOX and soot emissions changing with injection timing 
at no EGR, 20% EGR, and 40% EGR respectively. For all the different EGR cases, soot and NOX 
emissions are reduced significantly with syngas enhanced combustion. The soot and NOX trade 
off can also be observed. By increasing the EGR content, the soot emission increases because of 
the higher carbon content. On the other hand, introducing EGR can lower the combustion 
temperature, so the NOX emission can be reduced. 
In order to get the optimized operation condition, the objective functions were calculated 
as shown in Figure 3.18 to Figure 3.20. For no EGR case, the optimized pilot injection timing is 
351 CAD; for 20% EGR case, the optimized injection timing is 350 CAD; and for 40% EGR case, 
the optimized injection timing is 350 CAD. For all the cases, the objective function presents a 
parabolic behavior. It increases with injection timing at first because of the lower SFC, and then it 
starts to decrease because of the higher soot emission. For different EGR cases, the optimized 









Table 3.1 Test conditions to compare syngas and diesel combustion 




diesel only diesel only 











EGR Rate 40% EGR 40% EGR 
a Case III is the default engine operation condition. 
 
 










































Figure 3.1 Predicted pressure curves for testing cases I, II, and III 
 
 














































Figure 3.3 Fuel concentration 2D map for case I, 40% EGR, diesel syngas mixed mode 




















































Figure 3.4 Temperature 2D map for case I, 40% EGR, diesel syngas mixed mode combustion,  






















































Figure 3.5 NOx emission 2D map for case I, 40% EGR, diesel syngas mixed mode combustion,         



















































Figure 3.6 Soot emission 2D map for case I, 40% EGR, diesel syngas mixed mode combustion,       

















































Figure 3.7 Fuel concentration 2D map for case III (default setting), 40% EGR, diesel only 





















































Figure 3.8 Temperature 2D map for case III (default setting), 40% EGR, diesel only combustion, 


















































Figure 3.9 NOx emission 2D map for case III (default setting), 40% EGR, diesel only 


















































Figure 3.10 Soot emission 2D map for case III (default setting), 40% EGR, diesel only 
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Figure 3.11 Pressure and heat release rate curves for 20% EGR syngas-diesel mixed combustion 






Figure 3.12 The normalized soot and NOx emissions for 20% EGR syngas-diesel mixed 




Figure 3.13 The specific fuel consumption (SFC) for 20% EGR syngas-diesel mixed combustion 






Figure 3.14 The objective function for 20% EGR syngas-diesel mixed combustion with different 
pilot injection timings 
 
 
Figure 3.15 The normalized soot and NOx emissions from syngas-diesel mixed combustion at 





Figure 3.16 The normalized soot and NOx emissions from syngas-diesel mixed combustion at 
different pilot injection timings for 20% EGR case 
 
 
Figure 3.17 The normalized soot and NOx emissions from syngas-diesel mixed combustion at 






Figure 3.18 The objective function from syngas-diesel mixed combustion at different pilot 
injection timings for no EGR case 
 
 
Figure 3.19 The objective function from syngas-diesel mixed combustion at different pilot 





Figure 3.20 The objective function from syngas-diesel mixed combustion at different pilot 






4.  MICRO-EXPLOSION MODELING FOR MULTI-COMPONENT FUEL DROPLET 
4.1 Mathematical Formulations 
The proposed model describes the three crucial steps of micro-explosion in a droplet: 
bubble generation, bubble growth and breakup. The homogeneous nucleation theory (Avedisian 
and Glassman 1981) is used to calculate the generation of bubble within the droplet. After bubble 
generation, the modified Rayleigh equation is used to describe bubble growth (Robinson and Judd 
2004). Finally, the breakup process is modeled using a surface energy approach, which predicts 
the characteristics of the bubble and droplet at breakup. The Sauter mean radius (SMR) of 
secondary droplets after breakup can be calculated from the breakup model. This study primarily 
focuses on small droplet atomization under micro-explosion and presents a simple approach to 
estimate the SMR. 
 
4.1.1 Bubble Generation 
Under the assumption of spherical symmetry, a bubble with radius Rb is assumed to be 
formed in the center of a droplet with radius Rs, as shown in Figure 4.1. According to the 
homogeneous nucleation theory, Zeng (2000) provides the detailed thermodynamic description of 
the bubble-droplet system. Based on the homogeneous nucleation theory, the nucleation is arisen 
from the thermal fluctuation and intermolecular interaction (Skripov 1974). There is neither 
dissolved gas nor impurity within the bubble-droplet system acting as nucleation site. As a result, 
homogeneous nucleation requires a higher superheat limit (Zeng 2000). Avedisian and Glassman 














 .                                                             (4.1) 
Where J (1/time-volume) is the nucleation rate; Γ, the probability of nucleation; n0, the 
number density; kf, the gas collision frequency; and A
* is the activation energy. The mathematical 
descriptions of parameters in Equation 4.1 can be found in Avedisian and Glassman (1981). The 
current work uses unity for Γ as in previous studies (Zeng and Lee 2007; Avedisian and Glassman 
1981; Zeng 2000; Lee, Wang et al. 2008), which allows accurate prediction, relative to 
experimental measurements of the superheat limit.   
The number of nuclei can be calculated by integrating Equation 4.1 with respect to time 
over the control volume (Zeng and Lee 2007). The onset of micro-explosion, which signifies the 
instant of bubble generation, is determined by setting the number of nuclei to one. The exponential 
form on the nucleation rate indicates the drastic growth of the number of nuclei once the droplet 
temperature approaches the superheat limit. Therefore, the choice of the number of nuclei is 
insignificant in the determination of the onset of micro-explosion. 
The primary concern of using homogeneous nucleation theory is that heterogeneous 
nucleation, due to the existence of impurity or dissolved gas, is likely to take place in practice. 
However, the temperature at which heterogeneous nucleation happens is bounded by the superheat 
limit and the saturation temperature (Gerum, Straub et al. 1979; Blander and Katz 1975). In other 
words, heterogeneous nucleation is possible if the droplet temperature is between these two limits. 
At high ambient pressure, the superheat limit and the saturation temperature approach each other 
(Zeng and Lee 2007; Avedisian and Glassman 1981; Zeng 2000; Lee, Wang et al. 2008). This 
justifies the use of homogeneous nucleation theory in determining the nucleation temperature at 
high ambient pressure. 
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 .                                                         (4.2) 
Where σ is the surface tension, Pg is the gas pressure of the generated bubble, Pl is the 
liquid droplet pressure, and Rb
* is the initial radius of the bubble. Equation 4.2 addresses the 
mechanical equilibrium between the bubble and the liquid droplet as described by Robinson and 
Judd (2004). 
 
4.1.2 Bubble Growth 
The modified Rayleigh equation is used to describe the bubble growth process (Robinson 




















  = Pg − Pl − 
2
Rb
 ,                                         (4.3) 
where ρl  is the liquid droplet density. The above equation states that pressure work across the 
gaseous-liquid interface (r = Rb in Figure 4.1) is converted into kinetic energy, the two terms on 
the left hand side and surface energy, the last term on the right hand side. Note that dRb/dt is the 
bubble expansion velocity. Some studies add viscous terms into the Rayleigh equation to account 
for the viscous effect during bubble expansion. Robinson and Judd (2004) showed that viscous 
effect is negligible compared to other terms throughout the parameter space in that study. Equation 
4.3 is derived by assuming the bubble expanding in an infinite medium and thus excludes the finite 
size effect of the medium. Additional works will be needed to extend Equation 4.3 for a finite 
medium. In this study, the modified Rayleigh equation is mainly used to characterize the bubble 
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expansion rate. It also gives the estimation of the Weber number at droplet surface in a small 
bubble-droplet system. 
 
4.1.3 Sauter Mean Radius of Secondary Droplets 
Consider a bubble-droplet system with bubble radius Rb, droplet surface radius Rs, and 
bubble expansion rate (Vb), written as dRb/dt in Equation 4.3, at the instant of breakup; the SMR 
of the secondary droplets can be obtained from conservation equations, assuming the system is 
spherical symmetric as in Lee et al. (2008). Previous work (Zeng 2000; Zeng and Lee 2001; Zeng 
and Lee 2002) assumes that the secondary droplets are Chi-squared (χ2) distributed. Current model 
extends the previous derivation (Zeng 2000; Zeng and Lee 2001; Zeng and Lee 2002) by 
describing the size distribution of the secondary droplets using a generic probability distribution. 
Replacing the bubble expansion rate Vb by droplet surface expansion rate Vs in the conservation of 




s , (0 ≤ ε < 1 in bubble-
droplet system), and surface Weber number, Wes = ρl RsV
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 Wes  .                            (4.4) 
Note that Rs, ε, and Wes in Equation 4.4 are unknowns. Assuming that liquid mass is 







b , droplet surface radius, Rs, can 
then be expressed in terms of  the droplet radius right before the onset of micro-explosion, Rs0, and  
void fraction ε,  
Rs = 
Rs0
( )1 − ε
1/3 ,                                                             (4.5) 
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where Rs0 refers to droplet surface radius at ε = 0. Since the initial radius of bubble at the onset of 
micro-explosion is much smaller than droplet size (Zeng and Lee 2007), i.e. ε ≈ 0, Rs0 can also be 
regarded as the droplet surface radius at the onset of micro-explosion. Since the time elapsed 
between bubble generation and droplet breakup is fairly small relative to droplet lifetime, the 
assumption of liquid mass conservation during bubble growth can be made (Zeng 2000; Zeng and 
Lee 2001; Zeng and Lee 2002). Substituting Equation 4.5 into Equation 4.4, the SMR equation 
becomes: 
       SMR−1 = 



































 Wes  .                       (4.6) 
Once Rs0 is known, and ε and Wes are determined, the SMR can then be estimated using 
Equation 4.6.  
 
4.1.4 Breakup Criterion: Minimal Surface Energy (MSE) 
A breakup model is derived to determine the onset of micro-explosion. The key concept of 
this breakup model is the surface energy, which will be shown proportional to Gibbs free energy, 
of the bubble-droplet system by assuming breakup takes place at some unknown ε and Wes. Then 
the minimal surface energy (MSE) in the ε and Wes domains are used to determine the most 
probable ε and Wes for breakup.   
To relate the Gibbs free energy and surface energy using a thermodynamic relation 
between, assuming constant surface tension and mass, and the system remains isothermal and 
quasi-steady within a differential expansion. The differential form of Gibbs free energy of the 
bubble-droplet system takes the following form, assuming negligible temperature change, 









b dPg + 
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b  dPl ,                                          (4.8) 
and 




s  .                                                 (4.9) 
Under quasi-steady state assumption, dPl and dPg can be obtained from the Young-Laplace 
equation at Rs and Rb. Finally, dG can be expressed by  
                             dG = 
2
3
 σ dA                                                             (4.10) 
The Young-Laplace equation considers mechanical equilibrium across the gas-liquid 
interface, which is an appropriate approximation for a small bubble-droplet system under high 
ambient pressure where the pressure and surface forces are the dominate terms during bubble 
expansion. The isothermal assumption is usually good because the droplet temperature is nearly 
constant within the differential expansion if the ambient temperature is constant. Equation 4.10 
shows that the surface energy of the system is proportional to Gibbs free energy. In other words, 
the system attains the minimum of Gibbs free energy as long as the minimum of surface energy is 
achieved.  
The initial surface energy, SE0, of the system right before the onset of micro-explosion (at 
ε = 0) is: 
                SE0 = 4π R
2
s0 σ .                                                               (4.11) 
The surface energy of the system at some ε before breakup is: 
         SE1 = 4π R
2
s ( )1 + ε




( )1 − ε 2/3
 σ .                                  (4.12) 
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To describe the surface energy of the system immediately after breakup at some ε and Wes, 
assume the secondary droplets obey a separable and spherically symmetric probability distribution 
function,  
                   f = f(r, θ, φ) = fr(r) fθ(θ) fφ(φ) .                                                  (4.13) 
Then the total surface energy after breakup becomes 

















r2 fr dr .                (4.14) 
Where N is the number of secondary droplets and r denotes the radius of a secondary droplet. The 
















 ρl r3 fr(r) dr .                                         (4.15) 
To rewrite SE2 in the form of Equation 4.12, divide Equation 4.14 by Equation 4.15, and 









r2 fr(r) dr , then, 





































 Wes  .            (4.16) 
To compare the surface energy at various ε and Wes, normalize Equation 4.12 and Equation 
4.16 by Equation 4.11, gives: 





( )1 − ε 2/3








































 Wes  .                   (4.18) 
Equation 4.17 presents a non-dimensional form of the surface energy as a function of void 
fraction if there is no breakup; while Equation 4.18 depicts the minimal surface energy ratio if 
breakup takes places at some void fraction, ε, and Weber number, Wes. Equation 4.17 is a 
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monotonically increasing function in SE1/SE0 with respect to ε; while Equation 4.18 has minimum 
values in SE2/SE0 over the ε and Wes domains. The ε and Wes which produce minimal SE2/SE0 are 
referred to the most possible void fraction and Weber number for breakup in this work. The SMR 
for the secondary droplets can then be estimated by substituting the ε and Wes that produce the 
minimal SE2/SE0 into Equation 4.6. The result from the MSE approach is the same as the results 
from previous work by Zeng and Lee (2000, 2007), where atomization is determined by the 
aerodynamic disturbances. 
 
4.1.5 Fuel Properties 
For micro-explosion to occur, it would require both a low boiling point component to 
initiate nucleation and a high boiling point component to drive up the droplet temperature. In this 
study, different blended fuel mixtures with different volatilities are tested, and the selected 
thermos-physical and chemical properties of the studied fuels are listed in Table 4.1. Diesel fuel is 
represented by tetradecane (C14H30), and soybean biodiesel is represented by C19H35O2. Ethanol 
and butanol are served as the low boiling point fuel, and diesel and biodiesel are served as the high 
boiling point fuel. Since the volatilities and boiling points of ethanol and diesel/biodiesel fuels are 
significantly different, micro-explosion can be expected in binary mixtures of ethanol-diesel or 
ethanol-biodiesel. Although butanol has a higher boiling point compared to ethanol, the differences 
between butanol and biodiesel are still significant so that micro-explosion in binary mixtures of 
butanol-biodiesel might occur. Additionally, the use of a higher alcohol, like butanol, could solve 
the problem of fuel instability at low temperature because of the higher solubility of butanol in 
diesel/biodiesel fuels. Understanding the atomization process and dynamics of secondary droplets 
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in biofuel and diesel blends due to micro-explosion is helpful in optimizing biofuel engine 
performances. 
 
4.2 Model Validation  
Several simulations are performed in order to validate the proposed micro-explosion 
model. Figure 4.2 shows the superheat limit and the saturation temperature of hexane as a function 
of pressure. The superheat limit predicted by the proposed model agrees with experimental data 
(Skripov 1974). Both superheat limit and saturation temperature increase with pressure. The figure 
shows that homogeneous nucleation is more likely at high pressure as the superheat limit at high 
pressure is smaller than at low pressure. The superheat limit for pentane-hexane mixtures at 
ambient pressure of 760 kPa is shown in Figure 4.3. The predicted superheat agrees with 
experimental data (Scriven 1960) well. Note that hexane, being less volatile than pentane, has 
higher superheat limit (Lee, Wang et al. 2008) than pentane. Thus, higher superheat limit is 
expected with mixture composed of higher fraction of hexane, which is the trend observed from 
Figure 4.3. 
Figure 4.4 and Figure 4.5 show the NOR of micro-explosion for ethanol-diesel and ethanol-
biodiesel binary fuel droplets with different composition, respectively. The predicted normalized 
onset radius (NOR) agrees well with the experimental measurements (Botero, Huang et al. 2012). 
The dependence of micro-explosion on fuel composition is parabola-like and the maximum NOR 
is observed around equal composition for both ethanol-diesel and ethanol-biodiesel droplets. The 
occurrence of micro-explosion requires both volatile component for nucleation and non-volatile 
component to drive up the droplet temperature. Therefore, it is reasonable that the strength of 
micro-explosion relies on the fuel composition as a parabola-like curve. It is also noticed that for 
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the same ethanol content, biodiesel mixture microexplodes earlier due to its higher boiling points. 
By comparing the numerical calculation with the experimental data (Botero, Huang et al. 2012), 
the accuracy of the simulation model is proved to be reliable. 
 
4.3 Micro-explosion Study for Ethanol Blended Fuel Droplet 
Numerical study is conducted to exam the effects of ambient pressure, ambient temperature, and 
composition of the mixture on the onset of micro-explosion. The effect of biodiesel on micro-explosion 
is then studied by comparing the results for ethanol-diesel and ethanol-biodiesel-diesel droplets. The 
onset of micro-explosion is referred as bubble generation, which is a prerequisite of micro-explosion. 
The droplet size decreases upon evaporation while the nucleation process is initiated. Therefore, micro-
explosion can be characterized by the normalized onset radius (NOR), the ratio of droplet radius at the 
onset of micro-explosion to the initial droplet radius, assuming that the time elapsed between the onset 
and final breakup of the droplet is negligible relative to the droplet lifetime (Robinson and Judd 2004). 
The NOR represents the possibility of micro-explosion: a large NOR implies that micro-explosion is 
more likely to take place and vice versa. Based on the spherical symmetry assumption, the bubble-droplet 
system is simplified to a one-dimensional problem.   
 
4.3.1 Effect of Ambient Pressure 
The effect of ambient pressure is investigated for ethanol-diesel (E-D) and ethanol-biodiesel-
diesel (E-B-D) droplets. The initial droplet radius is 300 μm and the initial liquid temperature is 300 K. 
Ambient temperature is 2300 K, which is about the adiabatic flame temperature for typical hydrocarbons. 
Figure 4.6 shows the NOR for a 50% ethanol-50% diesel droplet, and a 30% ethanol-20% biodiesel-50% 
diesel droplet. The slope of the curve decreases as pressure increases and eventually becomes negative 
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at very high pressure. The maximum NOR occurs at about 24 atm for the 50% ethanol-50% diesel droplet 
and 26 atm for the 30% ethanol-20% biodiesel-50% diesel droplet. Model predictions are consistent with 
experimental measurements (Wang and Law 1985).  
With increasing pressure, the required superheat degree for homogeneous nucleation decreases, 
which favors homogenous nucleation. However, bubble nucleation is suppressed at ambient pressures 
higher than 28 atm (Avedisian and Glassman 1981) because of the decreased volatility differences 
between components at high pressure condition. The figure also shows that adding biodiesel into ethanol-
diesel blends enhances the possibility of micro-explosion because added biodiesel enlarges the difference 
in boiling points and volatilities that stimulates micro-explosion. 
 
4.3.2 Effect of Ambient Temperature 
Figure 4.7 shows the effect of ambient temperature on the onset of micro-explosion for a 50% 
ethanol-50% diesel droplet, and a 50% ethanol-20% biodiesel-30% diesel droplet with a fixed ambient 
pressure 10 atm. With ambient temperature varying from 1000 K to 2200 K, there is no noticeable effect 
on the NOR. This indicates that varying the ambient temperature will not alter the possibility of micro-
explosion for ethanol blend. However, it is possible that adding biodiesel into the blend may stimulate 
micro-explosion, because biodiesel is more non-volatile than diesel, and it is easier for ethanol to reach 
the superheat limit by adding more biodiesel.  
 
4.3.3 Effect of Fuel Composition 
Figure 4.8 shows the effect of composition of ethanol-diesel, ethanol-biodiesel and ethanol-20% 
biodiesel-diesel droplets with initial radius of 300 μm. The optimal composition for the ethanol-diesel 
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droplet is located at approximately equal composition. Adding biodiesel to the ethanol-diesel mixture 
enhances the possibility of micro-explosion, at any given mass fraction of ethanol.  
For the ethanol-biodiesel droplet, the optimal composition for micro-explosion is 30% ethanol 
and 70% biodiesel. The NOR is about 92%. As the amount of biodiesel increases, the maximum NOR 
shifts towards a lean mixture, implying micro-explosion is caused by high superheat. From Table 4.1, 
adding biodiesel to an ethanol-diesel mixture increases the difference in volatility and boiling point 
among the components. The enlarged difference changes the amount of superheat that ethanol, the most 
volatile component, encounters during the evaporation of the droplet, which shifts the optimal 
composition shown in Figure 4.8.  
 
4.3.4 Effect of Droplet Size 
Figure 4.9 shows the effect of droplet size on the onset of micro-explosion of a 50% ethanol-
50% diesel droplet. The ambient pressure and temperature are 40 atm and 825 K, respectively, which are 
similar to typical conditions in diesel engine operations. The figure shows an initial radius of about 25 
µm being the optimal size for micro-explosion, which has a NOR of 0.725. The surface to volume ratio 
is larger for small droplet, resulting in stronger evaporation during the heat up process, which ends up 
with smaller NOR. No micro-explosion is observed during the droplet lifetime for droplets with initial 
radius less than 10 µm. For droplets with initial radius larger than 25 µm, the NOR reduces slightly with 
larger initial radius. This may due to the fact that a larger droplet requires more heat transfer from the 
environment to achieve its superheat limit and thus it takes longer for bubble generation, which results 
in a smaller NOR. These results also show that micro-explosion is possible for small droplets under 




4.4 Micro-explosion Study for Butanol Blended Fuel Droplet  
As butanol possesses a higher boiling point than ethanol, micro-explosion is more difficult to 
occur in butanol blends droplets. Three different blends, butanol-diesel, butanol-biodiesel, and butanol-
diesel-biodiesel are tested. For butanol-diesel blended fuel, the boiling temperature difference between 
butanol and diesel is not significant enough to stimulate the internal bubble nucleation, therefore, micro-
explosion is not observed under all ambient conditions. For butanol-biodiesel and butanol-diesel-
biodiesel blends, micro-explosion is observed and the effects of ambient pressure, ambient temperature, 
fuel composition, and initial droplet size are studied.  
 
4.4.1 Effect of Ambient Pressure 
The effect of ambient pressure on the occurrence of micro-explosion is studied for a 20% 
butanol-80% biodiesel (in mass graction) binary droplet, and a 20% butanol-60% biodiesel-20% diesel 
(in mass fraction) ternary droplet. The initial droplet radius is 300 μm, the initial liquid temperature is 
300 K, and the ambient temperature is 2300 K. The NOR as a function of ambient pressure is shown in 
Figure 4.10.  
The slope of both curves decreases as pressure increases and eventually becomes negative at very 
high pressure. The maximum NOR occurs at about 12 atm for the 20% butanol-80% biodiesel droplet 
and 10 atm for the 20% butanol-60% biodiesel-20% diesel droplet. Model predictions are consistent with 
experimental measurements (Wang and Law 1985). With increasing pressure, the required superheat 
degree for homogeneous nucleation decreases, which favors bubble generation. On the other hand, the 
volatility difference between components decreases, which suppresses nucleation. The figure also shows 
that replacing diesel with biodiesel enhances the possibility of micro-explosion. Increasing biodiesel 
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content in the fuel blends enlarges the difference in boiling points and volatilities (Table 4.1) that 
stimulates micro-explosion. 
 
4.4.2 Effect of Ambient Temperature 
Figure 4.11 shows the effect of temperature on the occurrence of micro-explosion. The ambient 
pressure is 20 bar, and the initial droplet radius is 300 μm. For both 20% butanol-80% biodiesel and 20% 
butanol-60% biodiesel-20% diesel droplets, when ambient temperature is increased from 1000 K to 2400 
K, the NOR decreases. It may be due to the faster vaporization rate of the liquid fuel at higher ambient 
temperature. For the butanol blended fuel droplets, the temperature effect on the occurrence of micro-
explosion is more obvious than ethanol blended fuel droplets. Also, the NOR values are smaller for 
butanol blended droplets, which indicates that the occurrence of micro-explosion is more difficult. By 
increasing the biodiesel content, NOR values increase, because higher biodiesel content enlarges the 
boiling points difference between more volatile and less volatile fuels. 
 
4.4.3 Effect of Fuel Composition 
Figure 4.12 shows the composition effect for butanol-diesel-biodiesel ternary fuel droplets. The 
initial droplet radius is 300 μm, the ambient temperature is 2300 K, and the ambient pressure is 10 bar. 
As shown in Figure 4.12, the maximum NOR is observed at 50% butanol-50% biodiesel. Since butanol 
has a higher boiling point than ethanol, micro-explosion does not occur for butanol-diesel binary fuel 
droplets because of the insufficient saturation temperature difference. However, when adding biodiesel 





4.4.4 Effect of Droplet Size 
Figure 4.13 shows the effect of droplet size on the onset of micro-explosion of a 20% 
butanol-80% biodiesel droplet. The ambient pressure and temperature are 20 atm and 1200 K, 
respectively. Similar to ethanol-diesel blends, Figure 4.13 shows that the optimal initial droplet 
radius for micro-explosion of butanol-biodiesel blends is also about 25 µm, which has a NOR of 
0.728. For droplets with initial radius less than 20 µm, no micro-explosion is observed during the 
droplet lifetime. The minimal droplet size for micro-explosion of butanol blends is larger than 
ethanol blends. This may due to the fact that butanol has a higher boiling point, and it needs longer 
time for internal gasification. Therefore, small droplet will vanish due to evaporation before micro-
explosion occurs. These results also show that micro-explosion is also possible for butanol-
biodiesel fuel blends under engine environments.   
Figure 4.14 and Figure 4.15 show the droplet size effect on a 20% butanol-60% soybean 
biodiesel-20% diesel ternary blended fuel dropet at different ambient pressure and ambient 
temperature, respectively. For Figure 4.14, the ambient temperature is held constant as 1600 K, 
and different initial droplet radius are tested under different ambient pressures. It can be seen that 
increasing ambient pressure from 5 bar to 10 bar, the NOR increases. However, further increasing 
pressure to 15 bar, the NOR starts to drop at the same droplet radius. With increasing ambient 
pressure, the minimal droplet size for micro-explosion is getting smaller, which indicates that high 
ambient pressure can favor smaller droplets to microexplode.  
For Figure 4.15, the ambient pressure is held constant as 10 bar, and different initial droplet 
radius are tested under different ambient temperature. At same droplet size, increasing temperature 
will decrease NOR because of the higher vaporization rate. However, increasing ambient 
temperature will allow smaller droplets to go through micro-explosion. For 1200 K ambient 
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temperature, the minimal droplet size for micro-explosion to occur is 45 µm, and for 2300 K 
ambient temperature, the minimal size reduces to 10 µm. The simulation results also indicate that 
micro-explosion can occur to small droplets under the high temperature high pressure engine 
environment. 
 
4.5 Sauter Mean Radius of Secondary Droplets 
From the simulation results, Wes is about of O(10) for droplets with initial radius ranges from 10 
µm to 50 µm and the aforementioned ambient conditions. Generally speaking, larger droplets tend to 
reach higher Wes during bubble expansion because of the larger dimension. To decide the possible ε upon 
breakup at any given Wes, the non-dimensional minimal surface energy after breakup, SE2/SE0, in 
Equation 4.18 or simply called minimal surface energy ratio (MSER) hereafter, is plotted against ε and 
Wes, as shown in Figure 4.16.  
It can be seen from Figure 4.16 that MSER reaches high values at both small and large ε, which 
means neither small nor large ε is favorable for droplet breakup. However, it should be noted that at very 
small Wes, like the simulated cases in this study, the MSER can occur at small ε, which is not intuitive 
according to conventional concept.  As far as a small droplet is considered, a small ε still ends up with a 
small droplet thickness, which equals to Rs − Rb, due to its small Rs, which provides a reasonable 
explanation of the small ε upon breakup for a small droplet.  
Figure 4.17 shows ε and the corresponding Wes and SMR/Rs0 at the MSER in Figure 4.16. 
SMR/Rs0 is calculated from Equation 4.6 by substituting possible ε and Wes at breakup. At Wes of 10, the 
possible ε at breakup is 0.218. As Wes increases to 200, referring to a large droplet case, the possible ε at 
breakup becomes 0.513, which is similar to the measurements in fuel jet breakup experiment by Suma 
and Koizumi (1977) and the empirical breakup model in flash boiling by Kawano et al (2006). Suma and 
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Koizumi’s experimental data of ε at breakup range from 0.51 to 0.53. It is interesting to point out that, 
further reduction in the SMR is possible if Wes increases, as shown in Figure 4.16. This shows that micro-
explosion may be more effective in atomizing large droplets.  
For the Wes = 10 case, it can be referred from Figure 4.16 that the SMR is 52% of the droplet 
radius at the onset of micro-explosion. From Figure 4.9, for 0.5-0.5 E-D droplets with initial radius 
ranging from 10 µm to 50 µm, the droplet radius at the onset of micro-explosion is about 72% of initial 
radius. Therefore, the SMR of the secondary droplets is approximately 37% of the initial radius. Figure 
4.17 presents a simple approach in estimating the SMR of secondary droplets as long as the radius at the 
onset of micro-explosion is known and it is possible to estimate the Weber number.   
 
4.6 Summary 
The KIVA-3V Release 2 code is used to study micro-explosion in droplets composed of blended 
fuels. A breakup model is derived using the surface energy approach. Based on the breakup model, a 
simple way of estimating the Sauter mean radius of the secondary droplets is proposed and verified 
against limited available experimental data. The effects of mixture composition, ambient conditions, and 
droplet size on micro-explosion are examined in this study. Then, the simulated results of droplet 
characteristics at the onset of micro-explosion, together with the predictions from the breakup model, are 
used to estimate the Sauter mean radius after breakup. From the results, the following conclusions can 
be made:   
(1) Micro-explosion is possible in ethanol/butanol and diesel/biodiesel blends droplet under 
engine operation conditions, which is consistent with the experimental measurement. 
(2) The optimum fuel composition for micro-explosion is around equal-volumetric composition 
for ethanol-diesel, ethanol-biodiesel, and butanol-biodiesel binary fuel droplets. 
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 (3) Adding biodiesel, less volatile component, into the ethanol/butanol-diesel mixture can 
improve the possibility of micro-explosion. 
 (4) The SMR of secondary droplets can be estimated by the possible ε at breakup and the 
corresponding Wes and SMR/Rs0, generated from results of the current model based on a surface energy 
approach. 
The current work uses a modified Rayleigh equation which accounts for bubble expansion in an 
infinite medium to calculate the surface Weber number. For better predictions of the Weber number, 
finite size effect must be considered in the Rayleigh equation. Future experimental measurements of 




















Table 4.1 Thermo-physical and chemical properties for ethanol, soybean biodiesel and diesel 
Properties Ethanol Butanol Soybean biodiesel 
Diesel 
(ASTM) 
Molecular formula C2H5OH C4H9OH CH3OOCR C12-C25 
Cetane number 8 25 51 (D 613) 47.1 
Oxygen content (% weight) 34.8 21.6 10 0 
Density (g/ml) at 20°C 0.790 0.81 





434 385 363 210 
Flash point (°C) at closed cup 8 35 173.9 (D 93) 65–88 
Lower heating value (MJ/kg) 26.8 33.1 37.53 (D 240) 42.5 
Boiling point (°C) 78.4 117.7 342 (D 1160) 180–370 
Stoichiometric ratio 9.02 11.21 12.5 14.3 
Latent heating (25°C kJ/kg) 904 582 200 270 




























Figure 4.3 Superheat limit for pentane-hexane mixture at different compositions 
 
 




Figure 4.5 The effect of ethanol content on micro-explosion for ethanol-biodiesel droplet 
 
 
Figure 4.6 The effect of ambient pressure on micro-explosion for ethanol-diesel (E-D) and 




Figure 4.7 The effect of ambient temperature on micro-explosion for ethanol-diesel (E-D) and 
ethanol-biodiesel-diesel (E-B-D) droplets 
 
 
Figure 4.8 The effect of composition on ethanol-diesel (E-D), ethanol-biodiesel-diesel (E-B-D) 





Figure 4.9 The effect of droplet size on 50% ethanol - 50% diesel blended droplet 
 
 
Figure 4.10 The effect of pressure on butanol-biodiesel, and butanol-biodiesel-diesel droplets 





Figure 4.11 The effect of temperature on butanol-biodiesel, and butanol-biodiesel-diesel 








Figure 4.13 The effect of droplet size on 20% butanol-80% soybean biodiesel blended droplet 
 
 
Figure 4.14 The effect of initial droplet radius at different ambient pressure for 20% butanol-





Figure 4.15 The effect of initial droplet radius at different ambient temperature for 20% butanol-




Figure 4.16 The minimal surface energy ratio (SE2/SE0, or MSER) if breakup takes place                      















5.  MODEL DEVELOPMENT FOR THE MULTI-COMPONENT WALL FILM 
EVAPORATION USING CONTINUOUS THERMODYNAMICS APPROACH 
As mentioned in Chapter 1, liquid film that forms on engine walls is an important source 
for soot emission and unburnt hydrocarbon emission. The film formation and evaporation 
processes can affect the air-fuel mixing quality, the combustion efficiency, and pollutants 
formation. Therefore, a comprehensive model to predict the film evaporation is essential. An 
important issue to address for fuel vaporization modeling is that commercial fuels are mixtures of 
hundreds of chemically different hydrocarbons with vastly different boiling points. In most numerical 
simulations, the fuel is usually represented by a single component, for example, tetradecane is usually 
used to represent commercially available diesel. A major deficiency with this approach is that the 
influence of fuel composition is not accounted for, and, only the average evaporation behavior can be 
obtained. A possible solution to this is to use a set of fuel constituents to reproduce the distillation curve. 
An accurate representation of the fuel is essential for acquiring insightful information out of a simulation. 
However, to represent each component in a commercial fuel, which consists of hundreds of component, 
using a discrete representation is impractical. Therefore, in this Chapter, the continuous thermodynamics 
method is proposed to represent the multi-component fuel composition. The mixture is characterized by 
a probability distribution function. Only a few parameters are required to describe the mixture, namely, 
the mean and variance of the probability distribution function. The continuous thermodynamics method 
can model the fuel vaporization process almost as fast as single component model without sacrificing the 
accuracy.  
Following the similar procedure as Cheng did to derive droplet evaporation model using 
multiple distributions (Cheng 2010), the vaporization model of liquid fuel film composed of n-
groups of chemical compounds is also developed using continuous thermodynamics method. Each 
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of the compounds is represented by an independent probability distribution function, f(z), with 
respect to some characteristic variable of the system, z, for example, molecular weight. For the gas 
phase, a two layer boundary layer approximation is introduced. To consider the non-uniformity of 
the liquid phase, polynomial profiles are used for developing the liquid phase submodel. The wall 
film of interest is very thin, and the transport equations are simplified with this feature.  
 
5.1 Vapor Phase Equation 
For the vapor phase, by assuming a quasi-steady state, and considering only the direction normal 
to the film surface as Lee et al. did (2009), the simplified gas phase transport equations can be expressed 
as: 











,                                                                   (5.1)                                                                                                          













,                                                              (5.2)                                                                                                           








   
 
,                                                             (5.3)                                                                                                       









.                                                                   (5.4)                                                                                                              
Where 0iD  is the average diffusivities, iD  and iD  are the average diffusivities for the first and second 
moments given by: 
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The boundary conditions are given as: 
At 0z  ,     , , ,i iS i i i i i i i i SS SY Y Y Y Y Y T T       ;                               (5.8)                                                                    
 At z z ,    , , ,i i i i i i i i i iY Y Y Y Y Y T T         .                             (5.9)                                                             
For the turbulent vapor phase flow, a laminar layer close to the wall exists, and the thermal and 
dynamic properties inside and outside the laminar layer are significantly different. Therefore, a two layer 
approximation is applied: laminar layer and turbulent layer with interface at Iz z . It is assumed that 
there are two solutions matched at the interface. Defining the interface fuel fraction, composition, and 
















,                                                     (5.10)                                                                        
 
   
 1 exp
i i i iI S













,                                                    (5.11)                                                                                              
 
   
 1 exp
i i i iI S







   
   
 
.                                                   (5.12)                                                                                            
Where the interface quantities are: 
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5.2 Liquid Phase Equation 
For the liquid phase film, it is assumed that the flow inside the film is quasi one-dimensional in 
the normal direction, and the convective transport in the stream wise direction is accounted for by the 
Lagrangian description of the particle-film method. For liquid mixtures with different properties, multiple 
distributions are used to represent the mixture. The liquid phase equation can be obtained in a similar 
manner as the gas phase equations, except the diffusion of component i is now affected by the 
concentration gradient of all species within the mixture, instead of only that of component i itself as in 
the vapor phase. In other words, the dilute assumption does not apply in liquid phase. Internal circulation 
is accounted for using the effective conductivity and diffusivity (Abramzon and Sirignano 1989; Jin and 
Borman 1985). Therefore, the governing equations of film composition and temperature for liquid 
mixture with n distribution functions are described as: 
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In contrast to the gas phase, mass diffusion rate is much smaller than the thermal diffusion in 
liquid phase. It is reasonable to assume that every component belong to the same group of chemical 
compound diffuses at the same rate, and the mass diffusivity is independent of molecular weight [76, 78]. 
Then the governing equations can be simplified as the following vector form: 
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 , and it represents the species molar fraction, the first and second 
moments. Note that the diffusion matrix in the above equation is for multi-component, and it is given by 
   D B
-1
 for an ideal mixture. The elements of B are calculated from the binary diffusion coefficients 
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For the boundary conditions of liquid phase, at the interface between the liquid and the 
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At the surface of the film, z  :               
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Cullinan (1965) showed that eigenvalue decomposition always exists for the diffusivity matrix, 
so  D  can be described as:                     
     
1DD E I E

    ,                                                                      (5.25) 
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where  E  is the associated eigenvector matrix, and 
DI    is a diagonal matrix with only eigenvalues. 
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  . Since 
DI    is diagonal, Equation 5.26 is a system of uncoupled partial 
differential equations. Each component equation takes the form of pseudo diffusion of a binary mixture 
and thus could be solved as a pseudo-binary type problem. The boundary conditions can be transformed 
in a similar manner yielding: 
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At the surface of the film, z  ,         
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These equations have the same form as those of Wang and Lee (2005). Following same 
procedure outlined in Zeng (2000) and Wang (2004), by applying a third order polynomial expansions 
to approximate the composition distribution at any instant, and plugging the boundary conditions to solve 
the polynomial expansion parameters, the difference between the surface and average composition 
quantities can be written as: 
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Where the parameter 
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The above equation gives the composition differences between the surface and the average 
values. The average composition can be evaluated using the overall mass and moment balance, and the 
surface quantities can be obtained from the above difference equation. 
For the energy equation, by describing the internal circulation by an effective thermal 
conductivity, and assuming that the bulk motion caused by heating and diffusion can be neglected in an 
environment without combustion, the simplified equation can be written as: 
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For the boundary conditions, at 0z  ,                              
                                 wT T ,                                                                              (5.32) 
At the surface of the film, z  ,           
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Similar to the species equations, two third order polynomial expansions are used to approximate 
the temperature profile: 
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where 2  , x z  , and y z   .  
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Substituting the temperature distribution into the governing equations gives: 
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Here mT  is the mass averaged temperature.
 
 
5.3 Distribution Function and Properties Evaluation 
From the literature, it is very common to use Γ-distribution to represent the hydro carbon fuels 
composition (Cotterman et al. 1985; Tamim and Hallett 1995; Abdel-Qader 2005; Wang 2004; Cheng 
2010), therefore in this study, Γ-distribution is also chosen to represent the fuel. The fuel mixture is 
characterized by the molecular weight. The distribution function is given by Equation 5.42: 
f (ω) = 
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 ∞ ζ z−1 e-ζ d ζ .                                                              (5.43)  
In Equation 5.42, α, β, and γ are the controlling parameters of the distribution function. The mean, 
and the variance, of the Γ-distribution are given as, 
                              ,                                                                      (5.44) 
                   2 2     .                                                                        (5.45) 
As pointed out in previous studies (Tamim and Hallett 1995; Abdel-Qader and Hallett 2005; 
Wang 2004; Cheng 2010), to simplify the derivation, it is more convenience to use the second central 
moment, 
2 2    . Therefore, in this study, the second central moment is also used to simplify the 
derivation. 
The initial parameters of the probability distribution functions for different fuels used in this study 
are listed in Table 5.1. Figure 5.1 shows the probability distributions for these fuels. The distributions for 
diesel and kerosene overlap with each other, but diesel distribution spreads more widely. The peak of 
gasoline distribution locates at the lower molecular weight side compared to diesel and kerosene. During 
fuel evaporation, the distributions would shift, and the results would be shown in the later sections.  
The properties required in the model must be written in terms of the characterizing variable in 
probability distribution function, molecular weight. The vapor phase thermal conductivity, diffusivity, 
enthalpy of vaporization, and heat capacity are from Tamim and Hallett (1995). For the liquid phase 
properties, the diffusivity, viscosity, and specific heat are from Wang (2004) and Abdel-Qader (2005). 
Note that the enthalpy of evaporation given in previous work must be modified for multiple distributions.  






5.4 Phase Equilibrium  
Assuming an ideal mixture, from Raoult’s Law, the vapor-liquid phase equilibrium for any 
individual species can be described as: 
Yi,vap = Yi,liq 
Psat (T)
P∞
 ,                                                              (5.46)  
where Psat is the saturation pressure. From the Clasusius-Clapeyron equation, the saturation pressure can 
be determined, and it can be expressed for a continuous mixture as, 
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To extend the expression to continuous form, the phase equilibrium equations for composition, 
mean, and variance can be expressed as: 
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.                                          (5.50) 
By substituting the distribution function into Equation 5.48 to Equation 5.50, the phase 
equilibrium expressions can be simplified.  
For the boiling temperature, a linear approximation as a function of molecular weight is used 
(Tamim and Hallett, 1995) as shown in Equation 5.51: 
                                           Tboil (ω) = aboil + bboil · ω.                                                           (5.51) 
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With the above equations, the vapor phase composition, mean, and variance at equilibrium can 
be expressed as: 
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5.5 Results and Discussions 
5.5.1 Model Validation 
Since experimental data on multi-component film vaporization is very limited, a detailed 
numerical solution for the film vaporization using finite difference method is used to verify the 
proposed continuous thermodynamics model with finite diffusion. The detailed numerical solution 
is obtained by solving the partial differential transport equations with mesh grids in the liquid 
phase, and finite difference method is used with the forward Euler scheme in time and the central 
difference scheme in space. The detailed solution is then compared with the solution of the finite 
diffusion model proposed in this research to validate the model. 
The simulation results for gasoline film vaporization are shown in Figure 5.2 to Figure 5.4. 
The initial mean molecular weight and standard deviation for gasoline fuel are 85.5 kg/kmol and 
35.8 kg/kmol, respectively. The wall film temperature is determined by the wall temperature, and 
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as lighter components vaporize off the film at first, the heavier components remain in the liquid 
film, which drive up the boiling temperature. Therefore, in this study, the wall temperature is set 
as a variable, increasing with time: 𝑡𝑤 = 330 + 125𝑡. The initial film thickness is 19.8 µm, and 
initial film temperature is 330 K. The ambient condition is given as temperature 450 K and pressure 
1 atm.   
The predicted vaporized fuel mass amount, and the film composition histories are shown 
and compared with the detailed solution. From Figure 5.2 to Figure 5.4, it can be seen that the 
proposed model give very similar results to the detailed finite difference method solution, and it 
also proves the accuracy of this new model. Considering this finite diffusion model is as efficient 
as zero dimensional model, it can speed up the calculation significantly compared to the finite 
difference method, and it is very realistic to implement this model into engine spray calculations. 
 
5.5.2 Effect of Wall Temperature on Gasoline Film  
The effect of the wall temperature on the wall film vaporization is investigated by setting 
gasoline fuel film with initial thickness of 19.8 µm, and initial temperature of 300 K on a horizontal 
wall, and three different constant wall temperatures are chosen: 330 K, 360 K, and 400 K. The 
ambient condition is 450 K ambient temperature and 1 atm ambient pressure.  
As shown in Figure 5.5, with higher wall temperature, vaporization rate is faster. When 
wall temperature is 360 K and 400 K, the wall temperature is higher than gasoline boiling point, 
so heat transfer is very strong, which leads to faster film vaporization. During the vaporization 
process, the lighter components vaporize first, and the heavier components are left, so as time goes, 
the liquid fuel boiling point starts to rise. When the boiling point becomes higher than the wall 
temperature, the film vaporization gets slow, as shown in the figure. For the 330 K wall 
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temperature case, because the wall temperature is lower than the boiling temperature, it is nature 
convection heat transfer to the film, and the vaporization rate is much slower. 
The boiling temperature change during vaporization is shown in Figure 5.6. As described 
earlier, since lighter components vaporize off the film first, boiling temperature keeps increasing 
during vaporization. With higher wall temperature, the vaporization rate is higher, so boiling 
temperature increases faster. Figure 5.7 compares the differences of the distribution functions with 
different wall temperature. Initially, the distributions are the same. After 0.1 second, the 
distributions start to shift to the right (high molecular weight side). The higher the wall temperature 
is, the faster the shift is. As vaporization continues, the difference of the distribution functions 
among different wall temperatures becomes larger. That is because the heat transfer and film 
vaporization are faster for high wall temperature. With more lighter components vaporized, the 
distribution shifts to the right even further. 
To see the distribution history changing with time more clearly, Figure 5.8 lists the 
distribution function at different time instants in a single graph. This figure shows how the 
distribution function moves toward the high molecular weight side along with time. For low wall 
temperature, the change of distributions with time is not so significant. However, with increasing 
wall temperature, the distribution function shifts to high molecular weight side more quickly, and 
the change of distributions with time is more obvious. 
For all the different wall temperature cases, the liquid phase mean molecular weight also 
increases with time, as shown in Figure 5.9. This phenomena is consistent with the film 
vaporization rate and probability distribution history. Lighter components cab be depleted faster 




5.5.3 Effect of Ambient Pressure on Diesel Film 
The film vaporization process is determined by the wall temperature and the boiling point. 
Therefore, the ambient pressure can also have a significant effect on the fuel film vaporization. 
The diesel film vaporization is studied under difference ambient pressures. The film has an initial 
thickness of 19.8 µm, initial temperature of 300 K, and a constant wall temperature of 450 K. The 
ambient temperature is 1000 K, and three different ambient pressures are chosen: 1 atm, 2 atm, 
and 5 atm. The initial mean molecular weight and variance for diesel fuel are 185 kg/kmol and 43 
kg/kmol, respectively. 
Figure 5.10 shows the film thickness history with different ambient pressure. With 
increasing ambient pressure, the boiling temperature also increases. Since the wall temperature is 
kept constant, the vaporization rate is slower when increasing ambient pressure, as shown in Figure 
5.11, so the film thickness also decreases slowly.   
 
5.5.4 Comparison between Single Component Representation Model and Continuous 
Thermodynamics Representation Model 
In order to see the difference between the single component representation model and the 
continuous thermodynamics representation model, the film vaporization for fuel mixtures of 50% 
tetradecane-50% gasoline is calculated and compared with the results of 50% diesel-50% gasoline 
(using probability distribution to represent the diesel composition). Similarly, the film vaporization 
for fuel mixtures of 50% octane-50% ethanol is compared with 50% gasoline-50% ethanol. In 
engine simulations, octane is usually used to represent gasoline, and tetradecane is usually used to 
represent diesel. Therefore, it would be interesting to see the differences between the continuous 
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thermodynamics model and single component representation model on predicting the film 
vaporization.  
For all the cases, the film initial thickness is 10 µm, ambient condition is temperature 1000 
K, and pressure 4 atm, and initial film temperature is 300 K. Figure 5.12 shows film thickness 
history comparison for octane-ethanol fuel and gasoline-ethanol fuel. The gasoline-ethanol film 
evaporates faster than octane-ethanol film. The vapor phase surface fuel fraction is shown in Figure 
5.13. For the octane-ethanol film, the initial vaporization is dominated by ethanol vaporization. 
The octane fraction is very small. On the other hand, for the gasoline-ethanol film, both gasoline 
and ethanol evaporate simultaneously from the start of film vaporization. After about 0.12 second, 
the gasoline fraction starts to drop, because the lighter components are depleted and only heavier 
components are left. From the liquid phase fuel fraction, as shown in Figure 5.14, the gasoline 
fraction in the liquid phase is lower than the octane initially, indicating initial gasoline vaporization 
is faster due to the existence of more volatile (lighter) components. Later, as vaporization 
continues, the fraction of gasoline in the liquid phase exceeds that of octane. It is because the left 
less volatile (heavier) components in gasoline is more difficult to vaporize than octane. 
The film vaporization behaviors for diesel-gasoline fuel and tetradecane-gasoline fuel are 
shown in Figure 5.15 to Figure 5.17. From the film thickness history, it can be seen that for diesel-
gasoline fuel, initially, it evaporates faster than tetradecane-gasoline fuel, and after 0.5 second, it 
is becoming slower than tetradecane-gasoline fuel. For the vapor phase surface fuel fraction, for 
both fuel blends, the gasoline fraction increases with time at first, and after about 0.6 second, 
gasoline fraction starts to drop. The vapor phase gasoline fraction of diesel-gasoline fuel is larger 
than that of tetradecane-gasoline fuel. Besides, the vapor phase diesel fraction of diesel-gasoline 
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fuel is also larger than tetradecane fraction of tetradecane-gasoline fuel, indicating more diesel 
vapor content due to faster vaporization.  
 
5.5.5 Film Vaporization History for Multi-Distributions Mixture Fuel: Diesel-Gasoline Fuel 
The vaporization of liquid film composed of multi-distribution fuel mixtures is calculated. 
The fuel mixtures of diesel-gasoline vaporizing at different ambient conditions are shown in this 
section. The distribution function parameters for gasoline and diesel are listed in Table 5.1. The 
initial film thickness is 10 µm, and the initial film temperature is 300 K. 
Figure 5.18 to Figure 5.24 show the film vaporization results for the 50% diesel-50% 
gasoline (in mole fraction) vaporizing at ambient temperature 1000 K and ambient pressure 4 atm 
conditions. The liquid phase and vapor phase fuel composition at the film surface are shown in 
Figure 5.18 and 5.19, respectively. The fraction of gasoline in the liquid phase continuously 
reduces, while for diesel fraction, it is the opposite. At 0.8 second, the film composition is almost 
pure diesel. For the vapor phase fuel composition, gasoline vapor is the dominated species. Starting 
from about 0.6 second, the gasoline fraction starts to drop, while diesel fraction continues 
increasing. 
The variations of the mean of the probability distribution functions for diesel and gasoline are 
shown in Figures 5.20 and 5.21, respectively. The liquid surface mean and average mean do not show 
big differences for both diesel and gasoline. The liquid phase mean of the distribution functions increase 
as the film evaporates, and the vapor phase means also increase during the evaporation process. In 
increasing rate of the mean for diesel is much slower than gasoline. 
Figure 5.22 shows the liquid phase distributions for diesel-gasoline film at t=0, t=0.2 
second, t=0.4 second, and t=0.8 second. The distributions are shifting towards higher molecular 
 125 
 
weight as seen in Figure 5.22. From Figure 5.23 and Figure 5.24, it is noted that the shift is more 
obvious for gasoline distribution. At the beginning of evaporation, the lightest components in both 
diesel and gasoline constitute the most volatile components in the mixture. As the film evaporates, 
the gasoline distribution is shifting much faster than the diesel distribution. At t=0.8 second, the 
gasoline distribution almost overlaps with diesel distribution. This explains the drop of gasoline 
fraction in the vapor phase.  
In order to see the effects of ambient conditions on the film evaporation, Figure 5.25 to 
Figure 5.28 show the results for 50% diesel-50% gasoline vaporizing at ambient temperature 600 
K and ambient pressure 1 atm conditions. The liquid phase fuel compositions are very similar for 
both ambient conditions. However, for the vapor phase fuel fraction at the surface, the gasoline 
fraction from the low temperature low pressure (600 K, 1 atm) condition in much higher than the 
high temperature high pressure (1000 K, 4 atm) condition. It may be because that it is more difficult 
for diesel to vaporize under the low temperature low pressure condition. In the initial vaporization 
stage, the fuel vapor is dominated by gasoline fuel.  
The mean of the probability distribution functions for diesel and gasoline in diesel-gasoline fuel 
film vaporizing at 600 K and 1 atm ambient conditions are shown in Figure 5.27 and Figure 5.28, 
respectively. For diesel, the variations of the mean is very similar for both cases. While for gasoline, the 
increasing of the mean during vaporization is slower at 600 K and 1 atm ambient conditions, which 
indicates a slower vaporization rate. Figure 5.29 compares the film thickness history for 1000 K, 4 atm 
ambient conditions and 600 K, 1 atm ambient conditions. The results also indicate that the film 
evaporates slower under low temperature and low pressure conditions. 
 
5.5.6 Film Vaporization History for Multi-Distributions Mixture Fuel: Kerosene-Gasoline Fuel 
 126 
 
The film vaporization for fuel mixtures of 50% kerosen-50% gasoline (in mole fraction) is 
shown in this section. The distribution function parameters for kerosene and gasoline are listed in 
Table 5.1. The initial film thickness is 10 µm, and the initial film temperature is 300 K. The 
ambient condition is 1000 K temperature, and 4 atm pressure. 
The liquid phase and vapor phase fuel composition at the film surface are shown in Figure 
5.30 and 5.31, respectively. Similar to the diesel-gasoline mixture fuel as shown in Figure 5.18 
and Figure 5.19, the fraction of gasoline in the liquid phase continuously reduces, while for 
kerosene fraction, it is the opposite due to its higher boiling point (Zheng, Joshi et al. 2015). For 
the vapor phase fuel composition, gasoline vapor is still the dominated species. Starting from about 
0.6 second, the gasoline fraction starts to drop, while kerosene fraction continues increasing. 
Figure 5.32 shows the variation of the mean of the probability distribution function for 
kerosene in kerosene-gasoline blended fuel, and Figure 5.33 shows the variation of the mean of 
the probability distribution function for gasoline in kerosene-gasoline blended fuel. From the initial 
probability distribution of kerosene, as shown in Figure 5.1, it can been that kerosene distribution 
is more narrow than diesel, so there is less amount of lighter components in kerosene than diesel. 
By comparing the kerosene-gasoline vaporization results with diesel-gasoline vaporization results, 
it can be seen that the increase in liquid mean for kerosene during vaporization is even slower than 
diesel. This may be due to the fact that kerosene has less amount of lighter components.  
Figure 5.34 shows the liquid phase probability distributions for kerosene-gasoline film at 
t=0, t=0.2 second, t=0.4 second, and t=0.8 second. Similar to Figure 5.22 for diesel-gasoline film, 
the distributions are also shifting towards higher molecular weight side. By plotting the probability 
distributions from different time instants in one figure, as shown in Figure 5.35 (for kerosene 
distribution) and Figure 5.36 (for gasoline distribution), it is easier to notice that the distribution 
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shift is more obvious for gasoline fuel. As for kerosene, the change of probability distribution 
functions along with time is quite small, indicating only small amount of kerosene fuel evaporates. 
Since the most volatile components in the mixture evaporate at first, and kerosene distribution is 
narrow with less lighter components, it is expected that its vaporization is much slower than 
gasoline. 
 
5.6 Summary  
A comprehensive and computationally efficient preferential vaporization model for 
multi-component wall film using a continuous thermodynamics formulation is developed in 
this study. The proposed model is validated through comparison with the finite difference 
method solutions for a gasoline fuel film on a flat plat. The current model presents good 
agreement with the FDM solutions for the vaporized film mass, liquid mean, and standard 
deviation. From the model, the following conclusions can be made: 
(1) With increasing wall temperature, the heat transfer to the liquid film is stronger, and 
the film vaporization rate is higher. During the vaporization process, the fuel probability 
distribution continues shifting towards the high molecular weight direction.  
(2) Increasing ambient pressure would increase the fuel boiling point, so the film 
vaporization is slowed down.  
(3) Comparing the continuous thermodynamics method to single component 
representation, using PDF to represent the fuel composition shows that the fuel has a faster 
vaporization in the beginning, and slower vaporization at the end, due to the shifting of PDF during 
vaporization. It also indicates the multi-component effect on film vaporization and the importance 
to account for the fuel composition accurately. 
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(4) For the vaporization of liquid film with multi-distribution fuel mixtures, the 
distributions of gasoline and kerosene only overlap in the tail regions, while the distributions of 
diesel and kerosene completely overlap each other, but diesel has a broader spread. During the 
film vaporization, the lighter components deplete first, so the mean molecular weight of the 
liquid fuels continue increasing, and the probability distributions shift to the high molecular 
weight side. Gasoline shifts much faster than diesel and kerosene. Since diesel has a broader 




















Table 5.1 Distribution function parameters for gasoline, diesel, and kerosene 
Fuel 






Gasoline 85.5 35.8 0 
Tamim (1996) 
Diesel 185 43 0 

























Figure 5.1 Probability distribution functions for kerosene, gasoline, and diesel 
 
 




Figure 5.3 Mean molecular weight history for liquid film of gasoline fuel 
 
 





Figure 5.5 Film vaporization rate of gasoline fuel film with different wall temperature 
 
 






(b) time=0.1 s 




(c) time=0.4 s 
 
(d) time=0.9 s 
Figure 5.7 Comparison of probability distribution functions of gasoline fuel film with different 






(a) Wall temperature is 330 K 
 
(b) Wall temperature is 360 K 
 
(c) Wall temperature is 400 K 
Figure 5.8 Probability distribution function history of gasoline fuel at wall temperature:             




Figure 5.9 Mean molecular weight history of liquid gasoline film with different wall temperature 
 
 




Figure 5.11 Film vaporization rate history of diesel fuel with different ambient pressure 
 
 
Figure 5.12 Film thickness history of 50% octane-50% ethanol fuel blend and 50% gasoline-50% 




Figure 5.13 Vapor phase surface fuel fraction history of 50% octane-50% ethanol fuel blend and 
50% gasoline-50% ethanol fuel blend (in mole fraction) 
 
 
Figure 5.14 Liquid phase mean fuel fraction history of 50% octane-50% ethanol fuel blend and 




Figure 5.15 Film thickness history of 50% tetradecane-50% gasoline fuel blend and 50% diesel-
50% gasoline fuel blend (in mole fraction) 
 
 
Figure 5.16 Vapor phase surface fuel fraction history of 50% tetradecane-50% gasoline fuel 




Figure 5.17 Liquid phase mean fuel fraction history of 50% tetradecane-50% gasoline fuel blend 
and 50% diesel-50% gasoline fuel blend (in mole fraction) 
 
 
Figure 5.18 Liquid phase surface fuel fraction history of 50% diesel-50% gasoline fuel blend (in 




Figure 5.19 Vapor phase surface fuel fraction history of 50% diesel-50% gasoline fuel blend (in 
mole fraction) vaporizing at 1000 K and 4 atm ambient condition  
 
 
Figure 5.20 Mean of probability distribution for diesel in the 50% diesel-50% gasoline fuel blend 




Figure 5.21 Mean of probability distribution for gasoline in the 50% diesel-50% gasoline fuel 














(b) time=0.2 s 





(c) time=0.4 s 
 
 
(d) time=0.8 s 
Figure 5.22 Probability distribution functions of 50% diesel-50% gasoline fuel blend (in mole 





Figure 5.23 Diesel probability distribution history of 50% diesel-50% gasoline fuel blend (in 
mole fraction) vaporizing at 1000 K and 4 atm ambient condition 
 
 
Figure 5.24 Gasoline probability distribution history of 50% diesel-50% gasoline fuel blend (in 




Figure 5.25 Liquid phase surface fuel fraction history of 50% diesel-50% gasoline fuel blend (in 
mole fraction) vaporizing at 600 K and 1 atm ambient condition  
 
 
Figure 5.26 Vapor phase surface fuel fraction history of 50% diesel-50% gasoline fuel blend (in 




Figure 5.27 Mean of probability distribution for diesel in the 50% diesel-50% gasoline fuel blend 
(in mole fraction) vaporizing at 600 K and 1 atm ambient condition  
 
 
Figure 5.28 Mean of probability distribution for gasoline in the of 50% diesel-50% gasoline fuel 




Figure 5.29 Film thickness history of 50% diesel-50% gasoline fuel blend (in mole fraction) 
vaporizing at different ambient conditions  
 
 
Figure 5.30 Liquid phase surface fuel fraction history of 50% kerosene-50% gasoline fuel blend 




Figure 5.31 Vapor phase surface fuel fraction history of 50% kerosene-50% gasoline fuel blend 
(in mole fraction) vaporizing at 1000 K and 4 atm ambient condition  
 
 
Figure 5.32 Mean of probability distribution for kerosene in the 50% kerosene-50% gasoline fuel 




Figure 5.33 Mean of probability distribution for gasoline in the 50% kerosene-50% gasoline fuel 














(b) time=0.2 s 




(c) time=0.4 s 
 
 
(d) time=0.8 s 
Figure 5.34 Probability distribution functions of 50% kerosene-50% gasoline fuel blend (in mole 




Figure 5.35 Kerosene probability distribution history of 50% kerosene-50% gasoline fuel blend 
(in mole fraction) vaporizing at 1000 K and 4 atm ambient condition 
 
 
Figure 5.36 Gasoline probability distribution history of 50% kerosene-50% gasoline fuel blend 




6.  SUMMARY AND FUTURE WORK 
6.1 Biodiesel Combustion 
Simulations were conducted to investigate the effect of biodiesel on engine 
performance and emissions using modified KIVA. Four different fuel blends are tested: pure 
European low sulphur diesel, 20% of biodiesel blend, 50% biodiesel blend and pure soybean 
biodiesel, for both 300 kPa and 500 kPa IMEP engine loads. The CFD predictions for all fuels 
are compared with experiments. The modified KIVA predicts the combustion characteristics 
including ignition time, heat release rate and peak combustion pressure accurately. The results 
show that the ignition delay for biodiesel is shortened due to the higher cetane number and 
higher bulk modulus of biodiesel. Diesel fuel remains a dominating factor over the combustion 
process of the biodiesel-diesel blends because of biodiesel’s high boiling point. It is  thus 
expected that the fuel vapor is diesel rich upon ignition, and the combustion of diesel fuel 
dominates the ignition and combustion process of the fuel blend. 
Different injection timings are tested for biodiesel-diesel blended fuel. By retarding the 
injection timing, it decreases the peak cylinder pressure and leads to a lower peak heat release rate and 
consequently to lower combustion noise. Because the delayed injection leads to lower temperature, the 
NOx emissions are also reduced. On the other hand, retarded injection leads to an increase in fuel 
consumption. Because of the tradeoff between NOx emission and fuel consumption, the optimal 
injection timing is around TDC to 2 CAD ATDC for all cases. 
Low temperature combustion is achieved for pure biodiesel combustion. Different 
injection strategies and EGR ratios are used to optimize the LTC combustion. For the relatively 
low load case (300 kPa IMEP), both advanced injection timing and lower pre-injection fuel mass can 
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improve the engine performance. By advancing injection timing, the ignition delay is longer and the 
combustion is dominated by the premixed combustion, which results in a lower soot emission. By 
lowering the pre-injection fuel mass, the combustion temperature is decreased, and consequently, the 
soot and NOx emissions are decreased simultaneously. For the high load case (500 kPa and 700 kPa 
IMEP), the engine operation can be optimized by retarding the injection timing. By introducing EGR 
into engine combustion, it lowers the air density, and the peak combustion temperature, therefore 
increasing EGR ratio can reduce NOx emission. On the other hand, increasing EGR ratio reduces 
combustion rate and increases combustion instability. Due to all the consequences of inducing EGR, 
the optimized EGR ratio for combustion is around 20% for 300 kPa and 500 kPa IMEP. However, for 
the low load 200 kPa IMEP case, the optimized operation point occurs to the highest EGR rate (50%). 
It is probably because the cylinder temperature is very low under this condition and the soot and NOx 
emissions suffer a decrease simultaneously.   
 
6.2 Syngas Enhanced Combustion 
Numerical simulations are performed to study the syngas enhanced mixed mode 
combustion in a conventional diesel engine. The syngas is generated from the auto-thermal 
reforming process by converting diesel fuel into carbon monoxide and hydrogen. The energy 
required for the reforming reaction is from the exhaust energy. The produced syngas is 
introduced back into the engine, and ignited by the pilot diesel injection.  
Different cases are conducted in a conventional diesel engine to investigate the effects 
of EGR ratios and diesel injection timings on the engine performances. By defining an 
objective function, an optimized operation condition is obtained for the syngas combustion. 
For different EGR ratios, the optimized injection timings are close. It is also concluded that, 
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by converting diesel fuel into syngas using exhaust energy and introducing the syngas back 
into the intake system as the fuel supply, the thermal efficiency is increased because of the 
restored exhaust energy, and the emissions are reduced significantly because of the cleaner 
syngas combustion. 
 
6.3 Micro-explosion Modeling for Multi-Component Fuel Droplet 
A comprehensive numerical model is presented to simulate the occurrence of micro-
explosion for the multi-component fuel droplet and the MSE approach is used to determine 
breakup and estimate the outcomes after breakup. The effects of mixture composition, ambient 
temperature and pressure, and initial droplet size on micro-explosion are examined in this study 
for different blended fuels. Then, the simulated results of droplet characteristics at the onset 
of micro-explosion, together with the predictions from the breakup model, are used to estimate 
the Sauter mean radius after breakup.  
From the results, it can be concluded that micro-explosion, characterized by the 
normalized onset radius (NOR), is possible in bio-fuel and diesel blends under engine 
operation conditions. The optimum initial radius of a binary droplet composed of 50% ethanol 
and 50% diesel, under typical engine condition (ambient temperature and pressure of 825 K 
and 40 atm, respectively), for the onset of micro-explosion is approximately 25 µm. The 
ambient temperature does not have noticeable effects on the occurrence of micro-explosion for 
ethanol-diesel and ethanol-soybean biodiesel blends. However, for butanol-biodiesel blends, 
lower temperature will stimulate micro-explosion. Increasing ambient pressure favors micro-
explosion under low pressure condition. On the other hand, further increasing pressure will 
suppress micro-explosion. Replacing diesel with soybean biodiesel, less volatile fuel, into the 
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ethanol fuel or butanol fuel can improve the possibility of micro-explosion. The SMR of 
secondary droplets is estimated to be 30% to 40% of initial radius for droplets with initial 
radius smaller than 50 µm under micro-explosion conditions. The SMR of secondary droplets 
can be estimated by the possible ε at breakup and the corresponding Wes and SMR/Rs0 at the 
minimal surface energy ratio (MSER), which are obtained from results of the current model 
based on MSE approach. The MSE approach reaches the same conclusion as the model 
developed by Zeng and Lee (2007), where atomization is determined by the aerodynamic 
disturbances. 
  
6.4 Multi-Component Film Evaporation Modeling Using Continuous Thermodynamics 
Method 
A comprehensive and computationally efficient preferential vaporization model for 
multi-component wall film using a continuous thermodynamics formulation is developed in 
this study. The non-uniformity in the liquid phase due to a finite diffusion effect was 
represented by the difference between the surface and mean values. The set of coupled partial 
differential equations governing liquid phase transport is simplified by applying the linearized 
theory and is decoupled via an eigenvalue transformation from the set of linearized equations. 
The resulting system of equations could then be solved as a system of uncoupled binary 
diffusion equations. Internal circulation is accounted for using an effective thermal/mass 





 The proposed model is validated through comparison with the finite difference method 
solutions for a gasoline fuel film on a flat plat. The current model presents good agreement 
with the FDM solutions for the vaporized film mass, liquid mean, and standard deviation.  
The effect of wall temperature and ambient pressure are investigated, and the 
simulation results show that with increasing wall temperature, the heat transfer to the liquid 
film is stronger, and the film vaporization rate is higher. During the vaporization process, the 
fuel probability distribution continues shifting towards the high molecular  weight direction. 
On the other hand, increasing ambient pressure would increase the fuel boiling point, so the 
film vaporization is slowed down.  
The film vaporization for multi-distribution fuel mixtures of diesel-gasoline and 
kerosene-gasoline is studied. The distributions of gasoline and kerosene only overlap in the tail 
regions, while the distributions of diesel and kerosene completely overlap each other, but diesel 
has a broader spread. For both fuel blends, gasoline contains the most volatile components in the 
mixture, and gasoline is the dominated composition in the vapor phase. During the film 
vaporization, the lighter components deplete first, so the mean molecular weight of the liquid 
fuels continue increasing, and the probability distributions shift to the high molecular weight 
side. Gasoline shifts much faster than diesel and kerosene. Since diesel has a broader spread, the 
distribution shift for diesel is faster than kerosene. 
 
6.5 Recommendations for Future Work 
The micro-explosion model proposed in this study uses discrete method to represent 
the fuel composition. Single component representation is still used to represent diesel and 
biodiesel. Applying continuous thermodynamics method on micro-explosion modelling would 
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improve the model accuracy by considering the multi-component effect for diesel and 
biodiesel. To develop the combined continuous thermodynamics micro-explosion model, one 
needs to develop a vaporization model for mixtures of multiple groups and discrete species. 
For example, to model the butanol-diesel-biodiesel ternary blended fuel droplet, a discrete 
form of transport equations for butanol, and two continuous form of transport equations for 
diesel and biodiesel would be needed.  
The current micro-explosion model is based on the homogenous nucleation theory for 
bubble generation, which may underestimate the occurrence of micro-explosion. In practice, 
heterogeneous nucleation is more likely to happen due to the impurity of the fuel. The difficulty 
in modeling heterogeneous nucleation is that the fuel impurity or the dissolved gas is difficult 
to be quantified. A detailed experimental measurement would be helpful to set up the model. 
A correlation for heterogeneous nucleation rate may be obtained from extensive experimental 
data. 
Flash boiling is also an effective approach to achieve better fuel atomization by 
producing smaller droplets. The mechanism of flash boiling is very similar to micro-explosion. 
The difference is that the bubble generation in flash boiling is caused by the pressurized fluid 
undergoing an isothermal pressure drop, while for micro-explosion, the bubble generation is 
caused by the environmental heating. Mathematically speaking, both phenomena can be 
described by the same equations. Therefore, a unified model can be provided to model both 
micro-explosion and flash boiling in the future. 
In order to fully exploit advantage of the multi-component evaporation model, the 
micro-explosion model and film vaporization model should be integrated into the multi -
dimensional engine simulation code, KIVA. By performing engine simulations with the 
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proposed models, it can help improve the air fuel mixing process and optimize the multi -
component fuel operation. To model micro-explosion, mesh grid for the liquid droplet is 
required to calculate the temperature difference inside the droplet. However, it would be 
impractical to model all the droplets of engine sprays. The computational cost issue needs to 
be resolved in order to model micro-explosion spray. A possible solution is to put the droplet 
calculation outside the main spray calculation. By applying spray calculation results as the 
boundary conditions for droplet micro-explosion modeling, an independent mesh can be used 
for the droplets, and the calculated micro-explosion information can be transferred back to the 
main spray simulation. 
During engine operation, the engine cylinder is a high temperature high pressure 
environment. The current vaporization model assumes ideal gas for the equation of state. To 
apply the proposed film vaporization model to engine simulation, the equation of state under 
high temperature high pressure will be needed. When combustion occurs, it is quite possible 
that the fuel can become supercritical fluid. Therefore, the property modeling for supercritical 
fluid will also be needed. 
Extensive experimental data for micro-explosion and film vaporization is essential to 
validate the model and help build a better understanding of the nature of multi-component fuel 
vaporization. Right now, there is still no solid experimental measurement to prove the 
existence of micro-explosion in engine sprays. The transient measurements of the fuel 
distribution features for both liquid phase and vapor phase are not available. Therefore, more 
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